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Higher conversion efficiencies while reducing costs at the same time is the ultimate goal driving 
the development of solar cells. Multi-crystalline silicon has attracted considerable attention 
because of its high stability against light soaking. In case of solar grade multi-crystalline silicon 
the rigorous control of metal impurities is desirable for solar cell fabrication. It is the aim of 
this thesis to develop a new manufacturing process optimized for solar-grade multi-crystalline 
silicon solar cells. In this work the goal is to form solar cell emitters in silicon substrates by 
plasma immersion ion implantation of phosphine and posterior millisecond-range flash lamp 
annealing. These techniques were chosen as a new approach in order to decrease the production 
cost by reducing the amount of energy needed during fabrication. Therefore, this approach is 
called “Low Thermal Budget” process. After ion implantation the silicon surface is strongly 
disordered or amorphous up to the depth of the projected ion range. Therefore, subsequent 
annealing is required to remove the implantation damage and activate the doping element. Flash 
lamp annealing in the millisecond-range is demonstrated here as a very promising technique 
for the emitter formation at an overall low thermal budget. During flash lamp annealing, only 
the wafer surface is heated homogeneously to high temperatures at a time scales of ms. Thereby, 
implantation damages are annealed and phosphorous is electrically activated. The variation of 
pulse time allows to modify the degree of annealing of the bulk region to some extent as well. 
This can have an influence on the gettering behavior of metallic impurities. Ion implantation 
doping got in distinct consideration for doping of single-crystalline solar cells very recently. 
The efficient doping of multi-crystalline silicon remains the main challenge to reduce costs.  
The influence of different annealing techniques on the optical and electrical properties of multi-
crystalline silicon solar cells was investigated. The Raman spectroscopy showed that the silicon 
surface is amorphous after ion implantation. It could be demonstrated that flash lamp annealing 
at 1000 °C for 3 ms even without preheating is sufficient to recrystallize implanted silicon. The 
sheet resistance of flash lamp annealed samples is in the range of about 60 Ω/□. Without surface 
passivation the minority carrier diffusion length in the flash lamp annealed samples is in the 
range of 85 µm. This is up to one order of magnitude higher than that observed for rapid thermal 





lowest resistivity were obtained after annealing at 1200 °C for 20 ms for both, single- and multi-
crystalline silicon wafers. Photoluminescence results point towards phosphorous cluster 
formation at high annealing temperatures which affects metal impurity gettering within the 
emitter. 
Additionally, in silicon based solar cells, hydrogen plays a fundamental role due to its excellent 
passivation properties. The optical and electrical properties of the fabricated emitters were 
studied with particular interest in their dependence on the hydrogen content present in the 
samples. The influence of different flash lamp annealing parameters and a comparison with 
traditional thermal treatments such as rapid thermal and furnace annealing are presented. The 
samples treated by flash lamp annealing at 1200 °C for 20 ms in forming gas show sheet 
resistance values in the order of 60 Ω/□, and minority carrier diffusion lengths in the range of 
~200 µm without the use of a capping layer for surface passivation. These results are 
significantly better than those obtained from rapid thermal or furnace annealed samples. The 
simultaneous implantation of hydrogen during the doping process, combined with optimal flash 
lamp annealing parameters, gave promising results for the application of this technology in 
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1 Motivation and objectives 
The aim of this thesis is the development of a new manufacturing process optimized for solar 
grade multi-crystalline silicon solar cells to reduce the production cost, by the decrease of 
energy, time and steps within the processes. In detail the goal is to replace the common emitter 
diffusion by ion implantation and short-term annealing processes which are well established in 
semiconductor industries. 
Nowadays, available fossil energy resources like oil, coal and natural gas become scarcer and 
the ongoing climate changes become more dramatic. Scientific reports about melting glaciers, 
increasingly frequent extremes of weather and dried-up streams are still present in the daily 
news. Furthermore, it is shown by calculations that the current oil feed rate has reached its all-
time high. Additionally, the Chernobyl and Fukushima Daiichi disaster in 1986 and 2011, 
respectively, had shown the danger of nuclear power in a terrible manner. Therefore, it is up to 
our society not only to save energy, but also to produce it ecologically and environmentally 
friendly. Thus, the development of renewable energies should be pursued. All nuclear power 
plants in Germany have to be shut down until 2022. However, due to the decreasing energy 
resources, accompanied with growing costs and competition in consumption, Germany faces 
the problem that still almost 70 % of the used gas, coal and uranium have to be imported. 
According to the statistics provided by the Bundesministerium für Wirtschaft und Energie the 
primary energy consumption of Germany in 2013 was covered with 87.4 % by petroleum 
(33.0 %), petroleum gas (22.5 %), stone coal (12.7 %), brown coal (11.6 %) and nuclear power 
(7.6 %). Only 11.8 % of the consumed energy was covered by renewable energies. [1] Thus, 
the politically and economically interest in renewable energies, like photovoltaics (PV) still 
increases. 
A further distribution of PV demands higher efficiencies of solar cells (currently 17 – 22 % and 
more) at lower production costs. The trend for the PV is to achieve a cost reduction along the 
whole production chain. This aim can be achieved by reduction of the number of process steps, 
the simplification of individual steps and the use of cheaper materials, like solar grade (SoG) 
multi-crystalline silicon (mc-Si) and Si thin-films. Among others, main applications for mc-Si 
films are Si-gate metal oxide semiconductor integrated circuits, charge-coupled devices, solar 
cells, and thin-film transistors. [2-5] Cheaper mc-Si is usually of worse quality that means it is 




less temperature stable due to a higher defect density and temperature sensitive impurities, e.g. 
transition metals. The diffusion and activation of such impurities into the space charge region 
(SCR) must be suppressed or at least restricted. Therefore, any long-term thermal treatment 
during the solar cell production of the mc-Si should be avoided. 
Thus, a low thermal budget (LTB) process optimized for mc-Si is developed and 
characterized in this thesis. In this context, the long-term and high-temperature treatment 
present in the common processes of a solar cell manufacture are replaced by LTB steps. In 
terms of economic and ecological improvements, a process which requires a lower thermal 
budget also reduces energy costs and causes less environmental pollution. With the supposed 
techniques described below it is possible to reduce the processing time of the solar cell 
significantly and therefore, decrease the cost per watt. Furthermore, the conventional diffusion 
process that needs a high amount of energy and is very expensive will be replaced by a faster 
and cheaper one. 
The idea of this LTB process is based on the results of the diploma thesis of the author, Katja 
Krockert [6]. In the present thesis the new idea is to apply the known processes of the 
semiconductor industry and research institutes to the production of solar cells. A new way to 
create the p-n junction in solar cells using ion implantation and short-term annealing is 
developed. Instead of beam line ion implantation the much cheaper plasma immersion ion 
implantation (PIII) is optimized to replace the conventional P diffusion. This opens the way 
to extend the applicability of SoG mc-Si, where the diffusion of metal impurities during 
electrical activation of P has to be suppressed. For the annealing of the defects generated during 
the implantation process and for the electrical activation of P the flash lamp annealing (FLA) 
technique is used. Due to the short flash, only the surface of the sample is affected which makes 
these processes particularly useful for the production of thin-film solar cells on temperature 
sensitive substrates such as glass or polymers. Here the author refers to the experience gained 
in the diploma thesis of Thomas Baldauf [7].  
Both techniques are available at the Helmholtz-Zentrum Dresden Rossendorf (HZDR). [8, 9] 
Currently, FLA is successfully applied for the recrystallization of Si on the laboratory scale, 
ultra-shallow-junction formation and recrystallization of amorphous layers. [2, 10-17] Leading-
edge companies like Intel and AMD used this process for more than 5 years for their advanced 
micro-processor production [18]. 




This work was done in close collaboration with the Division of Semiconductor Materials at the 
Institute of Ion Beam Physics and Material Research of the HZDR and the Institute of 
Experimental Physics of the TU Bergakademie Freiberg in the frame of the Excellence Cluster 
of the Saxonian Government (ADDE) to support the Centers of Excellence with the project 
“Functional structure design of new high performance materials by atomic design and defect 
engineering”. 
According to the project proposal the Institute of Experimental Physics of the TU 
Bergakademie Freiberg, represented by the author, had to fulfill the following tasks. 
Measurement of the surface photo-voltage (SPV), light beam induced current (LBIC), four-
point-probe measurements (4-PPM), dislocation density and characterization of the pilot 
solar cells with the sun simulator by the author. These measurements are essential to evaluate 
and improve the implantation and annealing parameters of the samples produced at the HZDR. 
Furthermore, the author had the function of the project coordinator to push the topic forward.  
The handling of high voltages (20 kV) and toxic gases (phosphine) is very difficult and 
therefore, due to the experience and infrastructure available at the HZDR within the project a 
new PIII setup was installed and calibrated. Consequently, the focus of the colleagues at the 
HZDR was the implantation and annealing of the samples with different techniques. 
Additionally, the available characterization methods like Raman spectroscopy (RS) or 
transmission electron microscopy (TEM) and ion beam analysis techniques, namely elastic 
recoil detection analyses (ERDA) and Rutherford backscattering spectrometry (RBS) 
were used. However, the work at the large scale facilities of the HZDR is reserved to advanced 
technicians. For unexperienced people the work at the complex large scale facilities is too 
dangerous because of high voltages, toxic materials and complicated controlling. Nevertheless, 
the author was responsible for the planning, analysis and interpretation of the experiments. 
Furthermore, the author attended most of the experiments done at the HZDR. 
The thesis is structured as follows. After the introduction, in chapter 2 the prospects of Si solar 
cells are described. From this development the nowadays challenges for the manufacturing of 
Si solar cells are derived. The following chapter 3 deals with the fundamental structure of Si 
solar cells. Furthermore, the fundamental part of a Si solar cell the p-n junction, is discussed 
from a physical point of few. The p-n junction also determines the presented I-V characteristics 
of the solar cell. To understand the fundamental limits of the solar cell efficiency the energy 
loss mechanisms are discussed as well. This chapter also introduces the important parameters 




that have to be analyzed to improve the solar cell performance. The difference between the 
conventional industrial and the new low thermal budget processes for the manufacturing of Si 
solar cells is presented in chapter 4. Thereby, the theoretical background of emitter diffusion 
and ion implantation followed by flash lamp annealing for the emitter formation is discussed. 
The contact formation by sputter deposition is described as well. Chapter 5 discusses the 
different techniques used to analyze the performance of the p-n junction, the influence of the 
hydrogen and metal impurities as well as the characterization of the produced solar cell. The 
experimental results are presented in chapter 6. Here the influence of the variation of flash lamp 
annealing parameters and the crystal grain size on the p-n junction is shown. During the plasma 
immersion ion implantation a high amount of hydrogen is introduced to the sample and 
therefore, the behavior of the hydrogen during thermal treatment is analyzed. In this chapter 
also the behavior of metal impurities during the low thermal budget process is exemplarily 
investigated for iron. A summary of the experimental results and an outlook for possible further 
experiments is given in chapter 7. 
 




2 Progress and prospects of silicon solar cells 
The physical effect on which the PV is based on was observed for the first time in 1839 by A. 
E. Becquerel [19]. He found that a voltage is generated between two silver (Ag) electrodes in 
an electrolyte if one of the electrodes is illuminated. Adams and Day [20] observed that a small 
electrical voltage appeared in selenium (Se) upon its illumination which generates an electrical 
current and described this PV effect in 1877. Albert Einstein [21] was awarded the Nobel Prize 
in Physics 1921 for the detailed explanation of the photoelectric effect. [22, 23] 
The scientist Jan Czochralski developed a process for the growth of single-crystalline materials 
(Czochralski process) in 1916. Nowadays, it is the most common method used to grow high 
quality single-crystalline silicon (sc-Si) also used in PV [24]. In 1940, Russell S. Ohl observed 
that charge carriers are created while shining light on Si. [25, 26] Another contributing factor 
was the discovery of the diode by W. Shockley in 1949. He developed the theoretical model of 
the p-n junction in 1950. [27] At the beginning of the 1950s, scientists of the ‘Bell Laboratories’ 
in New Jersey observed that Si rectifiers generate a higher current when exposed to sunlight. In 
1953 the first Si based solar cell with an efficiency (η) of 4 % was developed by the staff 
(Chapin, Fuller and Pearson) of the Bell-Laboratories. On April 27th, 1954 the first call only 
with help of the sun was done by the scientists. The solar cell was made of an n-type Si wafer 
with a boron (B) doped surface and arsenic (As) doped back side. The costs of current won 
from the sunlight were 100-fold higher than from batteries at that time. Thus, the solar boom 
stopped quickly. 
Up to 1957 the p-layer (p-n junction) was the side which faced the sun. In 1958, T. Mandelkorn 
from the US Signal Corps Laboratories developed the first n-on-p Si solar cell. Those n-p 
junction solar cells are more resistant against radiation damage and thus, are more interesting 
for the space applications. On March 17th, 1958 the first satellite (Vanguard I) equipped with 
solar panels (108 Si solar cells with an η = 10.5 %) was launched.  
Mandelkorn and Lamneck increased the minority charge carrier lifetime of Si solar cells in 
1972 due to a high doped p-layer on the back side (BSF). Thus, the minority charge carriers are 
reflected by a potential barrier before they reach the back side contact. In 1973, Lindmayer and 
Ellison presented a silicon solar cell with an η of 14 %. The spectral losses are reduced by a 
thinner n+-doped layer. Then in 1975, Arndt developed solar cells with a texturized surface, 




whereby the reflection of the light on the surface is reduced and in 1985 Hezel fabricated the 
first solar cell with Si nitride on front and back side as passivation layer and instantly reached 
an η of 16 %. [28, 29] 
At the beginning of the 1970s the petroleum price increased from 3 $ per barrel (159 liter) up 
to 12 $. [30] Thus, the interest in alternative energies increased. During this time, Dr. Elliot 
Berman developed a cheaper solar cell of less clean Si, whereby the price decreased from 
100 $/W to 20 $/W. In 1976, a cooperation of AEG-Telefunken and Wacker-Chemitronic 
presented the first mc-Si with defined structure and sizes of the grains. Already at the end of 
the 1970s, more solar cells were used for terrestrial than for space applications [31]. Up to now, 
industrially produced mc-Si solar cells reach an η of 17 % - 20 %. One main aim is to further 
increase the η. 
For example, the PERL (Passivated Emitter, Rear Locally-diffused) solar cells have an η of 
24 %. This is reached by a small free charge carrier absorption and a low contact resistance due 
to selective emitters as well as reduced back side recombination, by penetration points of 






Figure 2.01: Scheme of the PERL solar cell. 
Another option to increase the solar cell efficiency is the BCSC (Buried Contact Solar Cell) 
with an η of 21%. The front side contacts are formed as trenches, thus, the shadowing is reduced 
which increases the light absorption while the cross-section of the metal is larger for a better 
conductivity. 
However, it is difficult to integrate these processes into the industrial solar cell production and 
they are very expensive. Another alternative are thin-film solar cells. The most used thin-film 
solar cells are made of amorphous Si (a-Si). In comparison to c-Si, the thin-films are 100 times 
thinner. Due to the moderate mobility of the charge carriers in a-Si, it is better to integrate a 
slightly doped layer (high impedance) between the p- and n-layers. This pin-diode (positive-











because of the larger energy band gap and micro-crystalline Si for the n-layer for better interface 
properties. Additionally, for the front and back side a transparent conductive oxide (TCO) as 
antireflection layer (ARL) and for transportation of the charge carrier to the contacts are used. 
The photo-degradation of a-Si is reduced by a well-defined thickness of the p-n-layers, which 
also increases the absorption coefficient. The p- and n-layers should be as thin as possible, 
because they have no influence on the photo-activity. However, they require a minimum 
thickness to form the whole contact potential. In addition, the intrinsic-layer has to be thick 
enough for a sufficient absorption of the sunlight. For a small series resistance (RS) the sheet 
resistance (SR) of back and front side (TCO) has to be small, while the transmission of the 
conductive oxide must be high. Finally, an η of 11.7 % was reached. [28, 29] 
Another option to increase the η of a-Si solar cells is provided by the hetero-junction solar cells 
with intrinsic thin layer (HIT), shown in Figure 2.02. They are processed at temperatures lower 
than 250 °C, thus, the energy costs are reduced. [32] HIT solar cells have an excellent 
absorption of short-wavelength light through the hetero-junction c-Si/a-Si. Additionally, the a-
Si acts as protection for the c-Si. With TCO the long-wavelength light is absorbed. The process 
is suitable on p- and n-material. It can reach an η higher than 24 %. [33, 34] Nevertheless, next 
to the advantages the fabrication of HIT solar cells is complicated and not easy to include into 
the standard solar cell production line. Therefore, the aim of this thesis is not a further increase 























3 Basics of a silicon solar cell 
A standard Si solar cell consists of front and back side metal contacts (grid fingers – not shown 
in Figure 3.01 - and bus bars), ARL, p-n junction and a heavily doped layer above the back 
metal contact, as shown in Figure 3.01.  
 
 
Figure 3.01: Scheme of a solar cell. 
The basic element of a solar cell is the p-n junction which is formed between complementary 
doped silicon layers. Doping means the inserting of foreign atoms into the silicon substrate 
which can form traps (recombination centers for minority charge carriers) in the band gap of 
semiconducting material. Therefore, the properties of the substrate i.e., the conductivity and 
crystal structure are changed.  
 
Figure 3.02: Doping atoms have less valence e- (left) or more valence e-(right) than the 
substrate (Si). 
In PV applications the bulk materials are usually B doped Si wafers. B has one valence electron 
less than Si (Si4+ + B3+) as shown in Figure 3.02 left. In contrast, phosphorous (P) has one 











the conduction band (electrons) because its 5th electron can be released at low temperatures 
and lifted into the conduction band. This process is the so called n-type electronic conduction 
(Figure 3.02 right). For B the missing electron acts like a positive charge carrier that can move 
in the valance band and also increases the conductivity. This process is the so called p-type hole 
conduction (Figure 3.02 left). Due to the opposite charges of the mobile charge carriers, a 
charge carrier concentration gradient occurs at the interface of p-type and n-type silicon. The 
free charge carriers diffuse into the differently doped region and recombine. Charges are missed 
in the originally uncharged areas and the charged doping atoms (B or P) remain, thus, the n-
layer has a positive and the p-layer a negative charge. An electrical field (Vdiff) occurs and causes 
a drift movement (electric field force) of the charge carriers in opposite direction of the 
diffusion (Figure 3.03). The drift movement acts against the carrier diffusion until they 
compensate. A charge carrier depleted region, known as space-charge region (SCR), occurs. 





Figure 3.03: Formation of the space-charge region. 
In the SCR are less free charge carriers. The width of the SCR depends on the doping level and 
the intrinsic charge carrier density of the material. If the p- and n- layers are doped equally the 
SCR is symmetrical. For different doping concentrations the SCR expands more into the low-
doped region. 
Another simplified model that can be used to describe the p-n junction is the energy band model 
(Figure 3.04) that describes the electronic energy states. For semiconducting materials the 
valence band that is occupied with electrons is separated by an energetic gap from the 
conduction band with the unoccupied electronic states. The energetic gap is defined as the 
difference between the valance band maximum (EV) and the conduction band minimum (EC). 
For a contribution to the electrical conductivity the charge carriers have to overcome this gap. 




 Vdiff   
 EA  
 ED  
The Fermi level (EF) is a hypothetical energy level which has a 50 % probability of being 
occupied at zero Kelvin. Therefore, in undoped semiconducting materials the EF is in the middle 






Figure 3.04: p-doped substrate (a); not doped substrate (b); n-doped substrate (c). 
P is a shallow donor dopant in Si with an activation energy of ED = 45 meV and causes an 
additional energy state directly below the conduction band. In contrary to P, B is an acceptor in 
Si and produces an additional energy state close to the valence band with the activation energy 
EA = 45 meV. These additional energy states in the Si band gap shift EF either closer to EC (n-
doped) or to EV (p-doped), as shown in Figure 3.04. 
Figure 3.05 shows the schematic representation of the p-n junction in the simplified energy 
band model, where the displacement of the energy bands corresponds to the potential barrier 
Vdiff of the charge carriers. [35] 
p-type       










Figure 3.05: p-n junction in the energy band model. 
When the p-n junction is polarized in the forward direction (positive voltage applied to the p-
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the space-charge region and recombine. With a high enough voltage a significant electrical 
current flows. When the external voltage is applied in reverse direction (negative voltage 
applied to the p-layer) the potential barrier increases, thus, the space-charge region increases 
and no current flow is observed. [36] 
With a suitable Antireflection layer it must be guaranteed that only a small fraction of the 
incoming light is reflected at the solar cell surface. The often observed blue color (interference 
color of red part of the spectrum) of solar cells is determined by the thickness of the 
antireflection layer. The red part of the spectrum corresponds to the optimal absorption 
wavelength of Si. At the surface the periodic order of the crystal structure is interrupted, thus, 
additional energy states occur in the band gap. Those are recombination centers of the minority 
charge carriers. Thus, the ARL acts as passivation layer and the surface recombination velocity 
decreases. 
Metallization contacts on the front and back side are used to carry the generated current away. 
The material which is used for the metallization, must possess several attributes, like a high 
conductivity, a good adhesion on Si, a low specific resistance, as well as it should be resistant 
against corrosion and cheap. Three metallization steps are required, the front side contact (silver 











Figure 3.06: Band bending with BSF. 
The contacts on the front side should provide a good current collection, however, it should not 
shadow the front side too much. Therefore, the front side metallization is structured. In addition, 
the contact resistance between the highly doped n-layer and the metal-stripe has to be low. The 
back side metallization is typically made of Al which covers either the whole back side of solar 
cell or is locally deposited (rear back contact). After heating the Al diffuses into the solar cell 
metal    BSF 
                          SCR       p-layer  
                                                            SCR        n-layer 




substrate. This region is higher doped than the bulk material and called back surface field (BSF). 
The interface between the high and low doped regions behaves like a p-n junction and an 
electric field is formed at the interface which introduces a barrier for the minority carrier flow 
to the rear surface. Therefore, the minority carrier concentration in the bulk stays at higher 
levels (Figure 3.06) and the impact of the back surface recombination is minimized. [37] 
3.1 Specific characteristic of a standard silicon solar cell 
The current I which flows through a solar cell, in a first approximation consists of two partsμ 
the diode current (Id - current in darkness) and photo current (Iph - current with light). Therefore, 











II   (3.01) 
Id can be divided into two partsμ The recombination- / generation current (Ig/r) and the diffusion 
current (Idiff). 
In order to describe the current through a real diode the series resistance Rs (ohmic contact and 
lead/line resistance) must be considered. The Rs results from the voltage drop along the fields 
in the heavily doped layer, at the contacts and in the metallic conductors up to the exterior 
contacts. Rsh (shunt resistance) symbolizes crystal defects, inhomogeneous doping distribution 
and other material defects. These cause leakage currents across the p-n junction. For good solar 
cells Rsh should be as big as possible to minimize the leakage currents. In order to describe the 
current, Rsh has to be considered, too. The Rs should be almost zero i.e., low resistances at 
































































In equation (3.02) e is the elementary charge, k the Boltzmann constant and IS the saturation 
current. In equation (3.02) for a large reverse voltage the current flow through Rsh dominates. 
On the other hand for a large forward voltage I is controlled by the voltage drop at Rs. 
Next to the already mentioned Idiff, Ig/r, Rs, Rsh the most important parameters are the operation 
point (Vmp, Imp), the open circuit voltage (Voc at I = 0) as well as the short circuit current (Isc at 




V = 0). These parameters are extracted from the I-V-curve (Figure 3.07) measured under 
illumination. Subsequently, the filling factor (FF) and the efficiency (η) can be calculated.  




















Figure 3.07: I-V-characteristic of a Si solar cell. 
The operation point is the region of the maximum power output MPP and is the product of Vmp 
and Imp:  
.mpmp IVMPP   (3.03) 








FF   (3.04) 













  (3.05) 
Thus, the η of a solar cell is the ratio of the solar energy to which the cell is exposed and the 
amount that is converted into electrical energy. [35, 38] 




3.2 Fundamental efficiency limits of standard silicon solar cells 
Different limits (physical and technological) decrease the efficiency of the silicon solar cells. 
The physical limits are unavoidable losses that restrict the efficiency. The Shockley Queisser 
(SQ) efficiency limit of 30 % was first calculated by William Shockley and Hans Queisser in 
1961 [39, 40]. For a modern calculation of the SQ limit a maximum efficiency of 31 % is given 
[41]. Currently, the highest realized η for Si solar cells is ~24 %. [38] 
Physical efficiency limits are [39]: 
- Photons with higher energies than the band gap will be absorbed, but the excess energy 
is lost as heat. The reason is that highly excited charge carriers thermalize in 10-12 s to 
the band edges and covert this energy to excitation of lattice vibration modes (phonons) 
[41]. 
- Photons with smaller energies than the band gap will not be absorbed and do not 
contribute to the power generation. 
- The Voc of a solar cell may not be higher than Vdiff (potential barrier/diffusion voltage). 
Thus, Voc is always smaller than the band gap. 
- Due to the I-V-characteristic of a Si solar cell the maximum converted energy is always 
smaller than the product of Voc and Isc. 
Technological efficiency limits are optical, recombination and ohmic losses. Optical losses are 
due to photons which are not generating charge carrier pairs and have three main reasons. The 
first is caused by a partly shadowing of the solar cell due to the front side metallization. Second 
are reflection losses of the incident light at the planar surface of the solar cell. And the third is 
caused by the long-wavelength light, because the absorption of this is almost at the back side. 
Thus, a part of the incident long wavelength light leaves again the solar cell. To reduce the 
reflection and transmission losses the surface of the Si solar cell is texturized and an ARL is 
formed on top. 
The lifetime of charge carriers is limited by their recombination. Losses due to recombination 
of charge carriers can be radiative (τrad) or non-radiative. Non-radiative are the Shockley-Read-
Hall- (τSRH) and the Auger-recombination (τA). [42] The Auger-recombination describes energy 
dissipation, due to recombination (transfer of an electron from the conduction band to the 
valence band) and emitting a third particle (electron or hole). The energy of this particle is 
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transferred into heat which decreases the external quantum efficiency (EQE). [43-45] During 
the Shockley-Read-Hall-process the electron recombines with a hole after the electron passes 
an impurity or defect related energy state within the band gap. The energy is released by thermal 
energy due to phonons. [46-47] The total lifetime (τtot) of the charge carrier is given by the sum 
of the above mentioned recombination losses: 
� = � � + � + � � (3.06) 
τrad is less pronounced than τA and τSRH. There are different mechanisms for the radiative 
recombination of electrons and holes listed below [48]. The energy of the emitted photons 
depends on the involved energy levels: 
a) Band-to-band transition. 
b) Recombination of bound excitonic states. 
c) A free hole recombines with an electron on neutral donor. 
d) A free electron recombines with a hole on a neutral acceptor. 
e) An electron on a neutral donor can recombine with a hole on a neutral acceptor (donor-
acceptor-recombination). 
f) Recombination at defects which create a defined energy level in the gap. 





Figure 3.08: Radiative transitions observed with photo luminescence (redrawn from [42, 
48]). 
Ohmic losses are all resistances which have to be overcome by a charge carrier in a solar cell. 
These are bulk-, emitter-, contact- and metallization resistances and can be influenced by the 
dopant concentration, metallization material and the structure of the front side metallization. 
For example the contact resistance between metallization and Si surface is reduced by a high 




doping at this interface, but the Auger-recombination increases as well. The geometry of the 
front side metallization is a main factor, too. The shadowing of the Si surface should be as small 
as possible, thus, the contacted area has to be small. Contrary, Rs increases with decreasing 
cross section of the metallization. 




4 Industrial process featuring low thermal budget process 
The reduction of costs is a general aim for the further development of solar cells. The LTB 
process is helpful to decrease the energy costs and allows the use of less temperature stable 
substrates, for example cheaper SoG mc-Si instead of the sc- or mc-Si. It is known that such 
materials have a lot of metallic impurities [49]. Therefore, the diffusion of the metallic 
impurities at temperature above 500 °C should be avoided [8]. 
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Figure 4.01: Comparison of the industrial with the LTB solar cell process. 
Due to this challenge a LTB-process is developed and characterized in comparison to the 
conventional process. Thereby, the P emitter of Si based solar cell is formed by PIII instead of 
the common P diffusion. To recover the implantation damages and incorporate P into the Si 
lattice site, a subsequent short-time annealing, namely FLA, is performed. 
Typically, the n-type emitter is formed by the P diffusion applying long-term high-temperature 
treatment at about 900 °C. During this process the cleaning of the bulk solar material from 
different impurities (mainly transition metals) appears. This process is called gettering and is 
described in more detail in chapter 4.2.1. Especially for mc-Si which contains high 
concentrations of metallic impurities the gettering process is important because they are the 
main problem in the recombination active areas.  




The main advantage of the high-tech doping explored here, i.e. PIII followed by FLA compared 
to the standard diffusion process is that the high temperature is applied only for a very short 
time (ms-range). Thus, only the surface of the sample (emitter) is heated up to a high 
temperature while the volume material of Si wafer remains cold. Consequently, the implanted 
P is electrically activated and the metallic impurities are not affected and remain far away from 
the p-n junction region. 
As shown in Figure 4.01, with the combination of PIII and FLA the whole solar cell fabrication 
process can be reduced by two steps compared to the standard industrial process (PSG etching 
and edge isolation). The PSG is formed during the emitter formation and explained in chapter 
4.2.1. Therefore, the overall thermal budget and production time of a solar cell can be reduced. 
Additionally, less chemicals are used which makes the PV more environment friendly.  
For the ARL hydrogenated SiO2- and SixNy-layers were used. Both layers were deposited by a 
commercial plasma enhanced chemical vapor deposition (PECVD) system. The metal contacts 
were fabricated by aluminum (Al) sputtering for the back and nickel for the front side contact. 
The contact formation was done directly after implantation (Figure 4.01). The R&D of the metal 
contact is not realized in this work, but should follow in the future. With this method it is 
possible to deposit different metals on Si even at RT and was chosen because both institutes, 
Experimental Physics (TU BAF) and Division of Semiconducting Materials (HZDR), own such 
equipment. 
Influence of Hydrogen 
P is implanted in the PIII system from a plasma formed by a phosphine-hydrogen mixture (5 % 
of PH3 / 95 % of H2). Therefore, not only P is implanted, but also a lot of hydrogen (H). The 
co-implantation of H and P by PIII is very important in case of mc-Si where H is used for the 
passivation of dangling bonds at lattice site defects (grain boundaries, dislocations) in the bulk 
material and at the Si/ARL interface. [50-52] Since H is introduced during implantation there 
is more freedom for choosing the deposition method of the ARL coatings [53-55]. It is expected 
that a part of the incorporated H diffuses out during the subsequent FLA. However, the 
remaining part is sufficient for an efficient defect passivation. 
During the following subchapters the doping, the surface passivation and metallization of Si 
solar cells are discussed. 




4.1 Cleaning and etching steps 
In this chapter, it is shortly mentioned why cleaning steps are necessary and where etching steps 
are used during the solar cell production. However, it goes far beyond the scope of this thesis 
to mention and explain the individual steps and detailed chemical composition. They can be 
found in following references: [56-59]. 
Cleaning steps are used between different process steps in order to avoid defects because of 
contaminations like particles, native oxide, organic and metallic contaminations. After 
texturing, before surface passivation (ARL) and before the high temperature process (Emitter 
production: p-n junction) the wafer surfaces must be carefully cleaned. [60] During the high-
temperature treatments the metallic contaminations are very mobile [22]. Therefore, for high η 
solar cells with more than 20 % any type of external contamination has to be avoided. Organic 
contaminations for example can change oxidation and etching rates. Additionally, organic 
contaminations like hydrocarbons can form insoluble carbon silicide particles at the surface. 
Metallic contaminations can causes leakage currents, or reduce the lifetime (like iron and 
copper). Native oxides can generate a high contact resistivity and particles lead to short circuits, 









Figure 4.02: Effect of a particle during implantation. 
Figure 4.02 gives an example how unwanted particles on the surface can influence the 
implantation. It shows an only partly implanted p-n junction, due to the implantation on the 
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Figure 4.03: Cleaning mechanisms: (a) oxidation and (b) alkaline etching (redrawn from 
Semiconductor International closed in 2010). 
For the removal of contaminations from the surface two mechanisms can be used: (a) The 
oxidation of the contaminations in a heavy oxidizing solvent (Figure 4.03 (a)) or (b) with an 
alkaline surface etching of the Si (Figure 4.03 (b)). 
4.2 Emitter formation in p-type silicon 
The solar cell performance strongly depends on the emitter and metal contact quality. In case 
of the emitter the doping level plays a major role which is the compromise between a high 
voltage and a high current operating device. The resistivity between deposited metal and Si has 
to be as low as possible. In order to achieve this a highly doped emitter is required. However, 
the doping level of the emitter also influences the response of the solar cell. In the ideal case 
the solar cell should use the complete solar spectrum, whereby mainly short-wavelength light 
will be absorbed below the Si surface (0.6 - 1.1 m). That means the internal quantum efficiency 
(IQE) of the solar cell at a wavelength of 550 nm should be almost 100 %. The requirement for 
this is a low doped emitter being in conflict with the condition for low resistive front contact 
formation. Moreover, the doping level of the emitter should not be too high, due to the Auger-
recombination process which increases with higher carrier concentration and thus, decreases 
the minority charge carrier diffusion length (LD). For heavily doped samples close to the surface 
almost all carriers form electron-hole-pairs. However, they recombine before they are separated 
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and therefore, this region is called ‘dead layer’ [61]. On the other hand, the low doped emitter 
is required for high an IQE, but forms a high resistive metal-Si contact. Therefore, a 
compromise between these two properties is mandatory to achieve a solar cell with a high 
efficiency. [62] The optimal emitter doping profile is relatively deep and moderately doped or 
shallow with a high surface concentration below the metal contact. Such an approach reduces 
the Auger-recombination at the metal-Si contacts and ensures a good ohmic contact. Industrial 
Si solar cells have P concentrations up to 1019 cm-3 and emitter SR of 30 - 100 Ω/□ [63]. An 
additional technological problem is related to the formation of a short circuit in the space charge 
region due to the in-diffusion of the metal from the emitter during the front contact formation 
by the co-firing process. [28] 
There are a lot of possibilities to form an n-layer in a p-type Si wafer. However, only some of 
them are useful for the PV. A detailed overview is given in ‚Durchlaufdiffusion für die 
Photovoltaik‘ [64]. The emitter in Si solar cells in the industrial standard technology is produced 
with high temperature P diffusion from a POCl3 source. This process requires annealing at 
850 – 950 °C for several minutes. However, as mentioned in chapter 1 (‘Motivation and 
objectives’), for cheaper materials, like SoG mc-Si the exposure to high temperatures for long 
times can cause problems due to residual metal impurities in the SCR. Alternatively, doping of 
Si with P can be achieved by ion implantation followed by short time thermal treatment. The 
ion implantation is a well-known process in the semiconductor industry. During this process, 
atoms or molecules are ionized, accelerated in an electric field and shot into a solid body. [60] 
In this thesis for the emitter formation this rather novel doping technique was explored. The Si 
wafers were implanted with P using PIII. The PIII is a key doping technology for the large-
scale high-output processes. 
During the implantation process, irradiation damages (displacement of atoms) are generated 
which must be recovered. Different methods can be appliedμ the furnace annealing (FA), the 
rapid thermal annealing (RTA) and the FLA. The commonly used thermal treatments for the Si 
based technology are the FA (up to 1000 °C and more for several minutes) and the RTA (up to 
1000 °C and more for seconds). A reduction of the overall thermal budget and the speed up of 
the production process can be obtained by using FLA which is perfectly suited for the LTB 
process, because it is possible to heat the samples above 1000 °C within a couple of 
milliseconds. 




All four processes (P diffusion, P implantation, PIII and annealing step) are discussed in the 
following subchapters. 
4.2.1 Thermal diffusion of phosphorous (industrial) 
The diffusion of P during the Si solar cell fabrication is the industrial standard method. The 
source of P (or B) is deposited on the surface of the wafer. From this doping source the dopant 
diffuses into the wafer. For P diffusion a variety of models based on physical laws exist to 
describe the effective concentration profile. However, the accuracy is limited. [62] 
A quartz boat loaded with Si wafers (big batches with 200 – 400 wafers) is brought into the 
diffusion oven. POCl3 (liquid at room temperature) from a temperature-controlled reservoir, is 
rinsed with a carrier gas (usually nitrogen). Thus, an exactly defined amount of POCl3 is 
transported into the process tube. At temperatures of about 850 °C in the presence of oxygen 
(O2) phosphorous pentoxyde (P2O5) is formed [31]: 
4 POCl3 + 3 O2 → 2 P2O5 + Cl2 (4.01) 
Subsequently, with Si this P2O5 forms a phosphor silicate glass (SiO2:P - PSG) which acts as 
the doping source, as shown in reaction 4.02: 
2 P2O5 + 5 Si → 2 SiO2 + 4 P (4.02) 
Activated by the high temperature the P of the PSG diffuses into the Si wafer and 
overcompensates the doping (B) of the bulk material. Thus, an n-layer is formed. The 
concentration profile and SR of the n-layer depends on the temperature profile, the PSG 
thickness and the concentration of P in the PSG during the diffusion step. Usually, the doping 
concentration of P at the surface is approximately 1020 at./cm³. This value is close to the solid 
solubility limit of P in Si (~1021 at./cm³ at 1000 °C [65, 66]). Both, the doping level and the 
impurity concentration, have a strong influence on the life time of the charge carriers. The life 
time can be reduced from some ms in high quality silicon wafers down to 4 ps for the not 
purified SoG mc-Si. [31, 62, 67] 
Two different diffusion mechanisms occur if P is introduced into the Si wafer from a highly 
concentrated near surface layer, resulting in a characteristic ‘kink and tail’ profile. It means, 
there is a part with high P concentration and low P diffusion velocity and a part with low P 




concentration and higher diffusion velocity. [31, 62] Subsequently, the PSG-layer is removed 
by wet chemical etching with diluted HF.  
Impurity gettering by phosphorous 
Materials used in mc-Si based PV contain different levels of impurities which negatively 
influence the properties of the solar cells. The so called gettering is a possibility to reduce 
impurities in the bulk material. There are two approaches to getter the impurities, the intrinsic 
and extrinsic gettering. The intrinsic gettering is inside of the sample and pins metals for 
example on O-precipitates [68]. The intrinsic gettering on interstitial O cannot be excluded 
during the solar cell process. Extrinsic gettering is the main mechanism to improve the material 
properties. To achieve an extrinsic gettering effect, temperatures which are high enough to 
activate diffusion of metal atoms out of deeper regions to the surface of the wafer, are needed. 
Common metals like iron, copper, nickel and chromium need temperatures of 800 – 1000 °C, 
to diffuse through the whole wafer within minutes depending on the wafer thickness and doping 
level. [69] 
In the past a lot of investigation [70-72] had shown that a part of the metallic impurities are 
removed due to the gettering at the surface during the P diffusion at temperatures of about 
800 °C, but the exact mechanisms are not entirely clarified yet. The two main possibilities are: 
(1) The gettering effect results from the formation of SixPy-particles (phosphorous silicate 
particle) at the interface of Si and PSG. PSG has a higher volume, thus, it pushes the Si 
into the interstitial lattice site. Consequently, the Si atoms diffuse from the interstitial 
places deeper into the material and push substitutional impurities out of the lattice site. This 
is the so called ‘kick out’ process. The released impurities prefer to diffuse to the surface, 
where they can bind to particles, like SiP or lattice defects, e.g. stacking faults. [73] 
(2) A segregational trapping of P-ion pairs or P-metal complexes [74]. 
The gettering phenomenon is predominately used to remove metal impurities from the bulk 
material, but it always remains a certain amount of such impurities which favor to bind at 
dislocations or grain boundaries and form recombination centers for the minority charge 
carriers. Moreover, the fixed charged defects or strained bounds at the lattice site have a 
negative influence on the EQE of the solar cells.  




Disadvantages: A critical point is the introduction of wafer into the oven, because of the high 
temperature gradient. This can lead to mechanical stress and damages in the wafer. After 
diffusion the wafer is cooled to room temperature. During this process too high doping 
concentration can disturb the lattice structure which causes defects like dislocations or deep 
charge carrier traps and finally LD decreases. [28] It is known that dislocation densities can 
increase from 1.2x105 cm-2 to 1x107cm-2, due to the loading and unloading of the wafers [75].  
4.2.2 Ion beam implantation 
This chapter is a short summary only, because ion implantation covers a wide field. For a 
detailed description the textbooks on ion implantation by Ryssel [60], Nastasie [76] and Mayer 
[77] should be consulted. The ion implantation is a key technology in the microelectronic 
industry for the doping of defined parts and the fabrication of high-performance electronic 
devices [78]. With this method, atoms or molecules are ionized, accelerated within an 
electrostatic field and implanted into a solid body. With typical ion energies from some keV to 
some MeV, well controllable and reproducible implantation profiles can be obtained. The 
penetration depth of the ions depends on the implantation energy and microstructural properties 
of implanted matrixes. The doping profile c(x) in a typical depth of some nm to µm in the first 
approximation is a Gaussian distribution: 
� � = �√ � ∙ ∆ � ∙ �� [− � − �∆ � ]. (4.03) 
where Γ is the ion dose and x the ion implantation depth. The maximum of the profile is in the 
depth of the average projected range Rp and grows linearly with the dose (simplification). The 
width is given by the projected straggling ΔRP. The parameters Rp and ΔRp depend on the ion 
type, the implantation energy and the substrate material. [60] With such an ion bombardment it 
is possible to modify all surface properties or surface near layers of a solid body. In general the 
ion implantation introduces different kinds of damages into the crystalline structure of the 
implanted material. At first, local point defects are formed which agglomerate to defect clusters 
at increased doses and can cause an amorphous layer. [76] With P implantation doses of 
3x1014 cm-2 at room temperature an amorphous layer is formed in Si [77]. 
Here the ion interaction with solids will be mentioned only briefly. The first implantation of 
ions into solid bodies was realized already in 1900 by Lennard and Rutherford. Later Bohr 




[79, 80] has calculated the energy loss per path length for heavy, charged particles because of 
interactions between particles and bound electrons with classical methods. Shortly afterwards 
Bethe and Bloch improved the calculations using quantum-mechanical approaches which 
described the binding characteristics of electrons more realistic [81-83]. Over time more and 
more modifications and improved calculations appeared [83, 84]. All these calculations 
consider the electronic stopping because of collisions with electrons. Inelastic collisions with 
nucleus and elastic collisions with electrons are of less interest. More important are the 
deceleration because of inelastic scatterings at electrons (electronic stopping) and elastic 
scattering with cores (nuclear stopping). At small ion velocities the nuclear stopping is the main 
factor and with increased ion velocity the electronic stopping becomes more pronounced. [60] 
Advantages: The ion implantation as a fast process (at low doses) shows a high homogeneity 
as well as reproducibility. Only the selected ions (dependent on the mass and charge state) are 
implanted into the matrix due to the mass separation during the implantation process. High 
process temperatures can be avoided by cooling the target material with water or liquid 
nitrogen. The formation of a shallow (µm) and effective emitter with a high dopant 
concentration is possible. The position of the maximum peak concentration of the dopants 
within the matrix can be adjusted by the implantation energy, while during a conventional 
diffusion the highest dopant concentration is always at the sample surface and decreases with 
depth. [60] 
Disadvantages: The main disadvantage of ion beam based doping of solar cell materials is 
related to different kinds of defects generated during ion implantation. Thus, after the 
implantation a thermal treatment is important to recover the damages. [60]  
For the experimental formation of the emitter in this work, two different implantation methods 
were used: the beam line implantation (IBI) and the PIII. The main difference is that in contrast 
to PII the IBI works with a mass separator which selects a defined ion species. Thus, in 
comparison to PIII the IBI allows a high purity of the implanted element (like P) and a well-
defined energy. However, the PIII has higher productivity and is much cheaper. In the following 
subchapter the PIII is discussed in more detail. 




4.2.3 Plasma immersion ion implantation as potential tool for the LTB process 
The PIII is developed for a homogenous implantation of high ion doses with a low energy into 
complex formed substrates. This is the main advantage of PIII compared to the standard IBI. 
During the PIII the ions are extracted from the plasma and implanted into the wafer by a pulsed 
high voltage bias. 
Schematic of a PIII-technique 
This system requires a vacuum vessel with a sample holder which is electrically isolated against 
the chamber wall and the apertures, to form a vacuum (vacuum pumps, pressure measurements) 
in the range of 0.1 – 1 Pa. Higher pressures have to be avoided, because of the increasing 
possibility of electrical arcing. Thus, the vacuum chamber as well as the isolation of the sample 
holder has to be isolated for voltages of about 40 kV. [85] 
In the present case, an RF-discharge is used to generate a plasma in the vacuum chamber. 
Therefore, a certain amount of gas flows into the chamber. A high frequency (13 MHz) 
electromagnetic field which is coupled in the vacuum chamber by a water cooled antenna, 
accelerates the electrons in the gas which then collide with the gas atoms and produce ions. In 
equilibrium, some ions are lost at the plasma boundaries and the same amounts of ions are 
produced in the interior of the plasma. Depending on the ion species that has to be implanted 
different gases or gas mixtures are used. One example is the usage of phosphine or diborane to 
produce P or B ions, respectively. The sample holder is connected to a pulse generator which 
forms square shaped and highly negative voltage pulses. At the used system typical pulse 
lengths are between 2 µs and 100 µs at a repetition frequency of some 100 Hz to 3 kHz. During 
each pulse the ions are extracted from the plasma and accelerated towards the biased sample 
holder. Depending on the used voltages and plasma parameters (e.g. plasma density) current 
densities of 1 – 10 mA/cm2 can be reached. This high current density leads to heating of the 
sample during each pulse whereby, depending on the implantation parameters, temperatures of 
more than 600 °C can be reached even without additional heating. In case of insulating samples 
the positive incoming ions can charge the sample surface during each of the implantation pulses 
which is compensated by electrons from the plasma that reach the surface between the high-
voltage pulses. [85] Figure 4.04 shows the scheme of the PIII (Dresden Thin Films Technology 
GmbH) system used in our experiments. 






















Figure 4.04: Working principal of the PIII at HZDR. 
The sample can have sizes of 300 mm diameter and a thickness up to 10 mm. The substrate 
holder is rotatable, height adjustable (250 mm) and water-cooled. High voltages of 0.1 – 20 kV 
can be applied and the standard gases are argon, nitrogen, hydrogen and phosphine. 
PIII of Phosphorous 
Up to now the development and characterization of the formation of shallow emitters by PIII 
of P in B doped Si wafer has been of rather limited interest among the scientific community.  
In 1996 Khanh et.al. [86] reported that it is possible to produce high P doped surfaces (several 
times 1021 cm-3) for shallow emitters for solar cell applications. They have concluded that the 
PIII is a good method for a low-cost solar cell fabrication due to the possibility to dope a large 
area homogenously. This process is independent of the surface morphology and useful for the 
formation of shallow p-n junctions by a simultaneous H implantation using a H containing 
plasma. Additionally it is very fast and well controllable. [86] 
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PH3 is built of trigonal-pyramidal units with an angle of 93.5° between the H atoms. [87] It is 
a weak base (pKB ~27), flammable, highly toxic, odorless if chemically pure (technical grade 
PH3 smells like garlic) and not soluble in water. Pure PH3 decomposes at high temperature to 
H and P, is at 150 °C spontaneously combustible and oxidizes to phosphoric acid. In the 
presence of diphosphane (0.2 %), PH3 spontaneously combusts in oxygen. [88] Thus, PH3 has 
to be handled with care. As mentioned before, by using phosphine-hydrogen mixture (5 % of 
PH3 + 95 % of H2) during the PIII process, H is co-implanted with the dopant. Studies of Chen 
et. al. [89] have shown that plasma from this phosphine-hydrogen mixture consists of H ions 
(Hx+, x = 1 - 3), monomers (PHx+, x = 0 - 3) and dimers (P Hx+, x = 0 - 6). The exact amount of 
each species depends on the settings during PIII. However, the total amount of H is about 50 % 
and the monomers are the dominating ion species. [89] 
PIII is an applicable doping method to substitute the conventional POCl3 diffusion with the 
advantage of additional co-implanting of H. Together with FLA for recrystallization and defect 
passivation a precise control of the H embedded in the Si substrate is possible. 
4.2.4 Thermal processing of ion implanted solar cells - FLA as a novel method 
During the IBI or PIII the implanted layer is amorphized. The amorphization level depends on 
the used ion species, ion dose and ion energy. Moreover, the fluence threshold for 
amorphization depends on the matrix being implanted. In case of P implanted in Si already 
3∙1014 P+/cm2 ions are sufficient to form an amorphous Si layer [77]. After implantation the P 
is not on the lattice site of Si and is not electrically active. Consequently, the mobility and 
diffusion length of the minority charge carriers is extremely low. Thus, the crystal structure has 
to be recovered with an annealing step, where the dopants have to be included onto the crystal 
lattice site. There are several possibilities, like FA, RTA or FLA. These three methods use a 
different thermal budget. The FA usually uses 600 - 900 °C for 10 - 60 min, RTA goes up to 
1000 °C for several seconds and FLA needs up to 1200 °C for only some milliseconds. 
If the solid solubility limit (5∙1019 - 1∙1021 cm-3) is not exceeded, P is activated up to 100 % due 
to FA between 600 – 900 °C, [90]. Additionally, FA redistributes and activates metal impurities 
in mc-Si. Therefore, ion implantation is successfully applied only to n- or p-type sc-Si. To 
extend the application of the ion implantation technique to SoG mc-Si the diffusion of metal 




impurities during the electrical activation of P and recrystallization of the Si has to be 
suppressed [8].  
For the semiconductor industry shorter times of less than 60 s are used [91, 92]. Thus, the 
diffusion is suppressed and the probability of the formation of precipitates decreases. The most 
common method is RTA, whereby the sample is illuminated with tungsten halogen lamps. The 
radiation is absorbed by the wafer and it heats up. [78] With RTA heating rates of some 100 K/s 
can be achieved and the temperature measurement is mostly done by pyrometers on the sample 
back side. 
A further decrease of the annealing time can be realized by FLA (Figure 4.05). FLA allows the 
electrical activation of implanted elements by short time light pulses [93]. FLA systems are 
successfully used for Si recrystallization in many laboratories for applications ranging from 
ultra-shallow junction formation to recrystallization of amorphous layers. [8] Only the surface 
near part of wafer is heated, because of the short time of only 3 - 20 ms. The substrate acts as 
an effective heat sink with cooling rates of about 105 K/s. A 3 ms flash is sufficient to 
homogeneously anneal the wafer surface, thus, it is possible to produce an ultra-shallow 







Figure 4.05: Scheme of the FLA-system. 
In the present work, FLA will be used for the recrystallization of P implanted Si, defect 
passivation and electrical activation of P. All annealings were done at controlled atmosphere 
(argon, nitrogen or forming gas). The FA and RTA are used for comparison only. 
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4.3 Contact formation 
Metallizations on front and back side are used to carry the generated current. During the 
standard fabrication of solar cells the screen printing method is used. This process requires 
sintering steps. Therefore, sputtering is used for the LTB-process which can be done at room 
temperature. Both methods are briefly explained in the following subchapters. 
4.3.1 Screen printing and sintering (industrial) 
Three metallization steps are required, the front side contact (Ag), the back side contact (Al) 
and the back side soldering (Ag).  
For the front contact formation a stainless steel or polyester mesh mask is put on the wafer. 
With a coating knife (rakel) the Ag paste is pressed through the open parts of the mask. The 
paste consists of functional (Ag-particle) and permanent (glass frit) components as well as 
organic binding materials. Details on the function of the components in the paste are given in 
table 4.01. 
Table 4.01: Components of Ag paste for formation of front side contact [95]. 
Functional components 
(Figure 4.06: grey) 
Ag particle: 
60 – 70 % Electric behavior line resistance 
Permanent components 
(Figure 4.06: white) 
Glass powder: 
5 – 10 % 
Cohesion of the functional components 
Adhesion on the substrate 
Normally glass component (glass frit) 
Organic binding material 20 – 35 % 
Influence the flow-behavior 
Print ability 
Evaporating or burning out during drying and 
sinter processes 
Afterwards, the solar cell is heated up to 600 – 820 °C. At 600 °C the organics evaporate, the 
glass becomes fluid and assists the Ag sintering. Between 600 °C and 820 °C the glass (PbO-
B2O3-SiO2) etches through the ARL, thus, the Ag forms a contact to the emitter (Figure 4.06).  





Figure 4.06: Deposited Ag paste (a); Metallization after contact formation (b). 
The back contact is typically made of Al. First, an Al paste is deposited on the back side and 
second the solar cell is heated. The solid solubility of Si in Al starts at approximately 300 °C 
and reaches its maximum at the eutectic temperature of 577 °C (Figure 4.07 grey broken line). 
At 660 °C the alloying process starts. When all Al particles are fluid, more and more Si is 
dissolved in the Al. At the peak temperature (~800 °C), 30 % of the fluid phase consists of Si. 
A “lake” of Al and Si is on the surface. During the cooling, Si from the melt grows epitaxial on 
the wafer. The Al is incorporated in the Si crystal. Below the eutectic temperature the fluid 
phase freezes within seconds. An Al-Si layer (containing approximately 10 % Si) is formed on 
the surface [96]. 
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Figure 4.07: Binary Al-Si phase diagram (redrawn from [97]) 
(b) (a) 




To connect the solar cells in a module the back side soldering is necessary. The Al on the back 
side is not solderable, thus, solderable metal (Ag) must be deposited. The solder can be 
deposited as points or lines. If the surface part of the solder is large (like lines) the soldering of 
the module is better, but the capacity of the solar cell decreases (no BSF / no passivation at 
these regions). 
4.3.2 Gettering and BSF formation by aluminum diffusion (industrial) 
During the industrial processing of Si solar cells, Al is taken as back side contact. Similar to B 
the Al acts as acceptor in Si with an activation energy for diffusion of E = 3.35 eV [98]. The Al 
has an extrinsic gettering effect, like P. There are several possible approaches to explain the 
getter effect of Al: 
(1) Formation of a damaged interface between eutectic and p-layer, where impurities tend to 
segregate [99]. 
(2) The gettering effect begins due to an increased segregation coefficient (k > 104) of 
impurities in Al/Si [100, 101]. Above the eutectic point the solubility for impurities in an 
Al/Si melt is several orders of magnitude higher compared to crystalline Si. [100, 102, 
103]. 
The combined Al/P co-gettering has been proven to be particularly effective, because of the 
formation of vacancies due to the Al-gettering and the increased flow of interstitial Si due to 
the P-gettering. [61, 104] 
In addition to the gettering effect Al forms a BSF. The concentration of Al between the interface 
of BSF and p-doped bulk material is independent of the thickness of the deposited Al layer 
[105]. The dopant concentration of Al +  in the BSF depends only on the annealing 
temperature. Usually, during the co-firing process the maximum temperature (800 °C) leads to 
an Al concentration of 3x1018 cm-3 within the BSF region. Close to the surface it decreases to 
1x1018 cm-3. In comparison, the maximum Al concentration can be as high as 1x1019 cm-3 after 
annealing at 1200 °C [105]. The dependence of the effective recombination velocity (SR,eff) and 
the BSF thickness (dBSF) is given with following equation [106]: 




, = + ∙ +� ∙ ∙��
+��+ + tanh ( � ���+ )+ ∙��+��+ ∙ tanh ( � ���+ ). (4.04) 
In this equation nA is the bulk doping concentration of the p-type wafer, Dn the diffusion 
constant of Al in Si (4.73 cm2/s [98]), LD the diffusion length of the minority charge carriers in 
the volume and SR the recombination velocity at the metal-BSF-interface. The symbols with + 
are the same factors, but of the highly doped BSF layer. 
As mentioned above, the typical temperature used for the Al diffusion is about 800 °C. Such 
long-term processes are not suitable for SoG mc-Si. Therefore, the aim of the present work is 
to decrease the temperature for the BSF formation. 
4.3.3 Sputtering (LTB) 
As discussed before, the metallization for the new developed LTB solar cells was done by 
sputtering. With this method it is possible to deposit metals on Si at low temperatures. The 
research and development of an optimized metallization is not realized in this work. The 
sputtering is a physical method, where atoms are extracted from a target (solid body) due to 
bombardment with ions. The extracted target atoms are deposited on the sample. In order to 
ensure that the deposited layer is not contaminated by residual gas particles a high vacuum 
system is used for the process. [107] 
The sputtering system in the clean room (TU BAF) is an automatically and modular ultra-high 
vacuum system produced by ‚Fa. BESTEC‘. This system consist of a preparation chamber for 
pre-cleaning of the wafer by plasma etching and two process chambers (RF and DC) with 
heatable substrate holders (up to 600 °C). Reactive sputtering with oxygen and nitrogen, as well 
as the measurement of the layer thickness by vibrating quartz microbalances is included. 
4.4 Surface passivation 
The ARL (SixNy or SiO2) is deposited by PECVD. This process is used to deposit thin films 
from a precursor gas on a solid substrate. A suitable ARL is necessary to ensure that only a 
small fraction of the incoming light is reflected at the solar cell surface. The highest intensity 




of the solar spectrum is at 550 nm. The law of reflection indicates an ideal refractive index (narl) 
of the ARL: 
...nnn Siairarl 91831   
(4.05) 
The thickness darl of the ARL (vertical incidence of light) at the optimal wavelength λopt (at 


















The most common material used for the ARL is SixNy with a refractive index of narl = 1.9 – 2.1. 
The often observed blue color (interference color of the red part of the spectrum) of solar cells 
is determined by the thickness of the antireflection layer. Furthermore, the red part of the 
spectrum corresponds to the optimal absorption wavelength for Si. A high homogeneity of the 
deposited thickness is important in this case. Already a thickness variation of only a few 
nanometers increases the reflection coefficient. Additionally, the SixNy and SiO2 (narl ≈ 1.5 and 
darl = 120 nm) layers play a role for the surface passivation which significantly increases the 
solar cell efficiency. [108] 




5 Fabrication and characterization 
The main goal of this thesis is the development of a low thermal budget process for the silicon 
based solar cell fabrication and a general cost-reduction for the renewable energy production. 
This requires novel technological solutions and the use of low cost materials like SoG mc-Si. 
At first, useful parameters for P implantation and subsequent FLA were chosen. Second, the 
influence of H introduced by PIII was investigated. Third, sc-samples are implanted with Fe 
and characterized in order to simulate the behavior of metal impurities in SoG mc-Si. Finally, 
pilot solar cells based on the LTB process are fabricated. Thus, next parts are subdivided into 
5.1 Fabrication, 5.2 Characterization of the p-n junction fabricated by IBI and FLA, 5.3 
Analysis of hydrogen and metal impurities and 5.4 Solar cell characterization. 
5.1 Fabrication 
The pn-junctions were formed in sc and SoG mc p-type Si wafers. Before ion implantation the 
sc-Si samples were texturized by wet chemical etching with 40 % HF, 65 % HNO3, and 85 % 
H3PO4 in the ratio 3:1:3 for about 8 min. In contrast, the SoG mc-Si samples were already 
texturized. The pn-junctions were formed by phosphorus implantation (IBI or PIII) and 
subsequent annealing (FA, RTA or FLA). During PIII P and H were simultaneously implanted 
in the samples by using a mixture of 5 % PH3 and 95 % H2 as gas precursors with a working 
pressure of 5 x 10-3 mbar. The plasma was generated by a 500 W RF power supply. An energy 
of 20 keV with a fluence range of 1.6x1015 – 3.8x1015 cm-2, corresponding to atomic 
concentrations of 5x1020 cm-3 – 1x1021 cm-3 were used. The depth profile of the implanted P 
was calculated with the SRIM 2003 code. The projected range (Rp) is about 30 nm below the 
surface. [8] After implantation the implanted surface layer of the Si is amorphous. In order to 
electrically activate the implanted P and recrystallize the Si the samples were annealed by FLA 
with or without preheating. The mentioned FLA temperature is only calculated and adjusted by 
the applied energy density. An energy density of 47.6 J/cm2 for 3 ms leads to a temperature of 
800 °C. In comparison, an energy density of 92.9 J/cm2 for 20 ms causes a temperature of 
1200 °C. The samples were FLA treated in Nitrogen, Argon or Forming Gas (95 % N2 + 




5 % H2) atmospheres. For comparison, RTA and conventional FA were done as well. An 
overview of the used implantation and annealing parameters is given in Table 5.01. 
Table 5.01: Fabrication parameters of the used samples (FA, RTA, FLA). 
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400 or 600 °C / 3 min 
1000 or 1200 °C / 20 ms 
400 or 600 °C / 3 min + 
1000 or 1200 °C / 20 ms 
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180 µm 
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1000 °C / 30 s 
400 °C / 3 min + 
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A 120 nm SiO2 or a 70 nm SixNy antireflection layer was deposited by PECVD. Sometimes 
the cover layer was deposited before and sometimes after the P implantation. In most cases a 
surface etching with hydrofluoric acid (1 % - 5 %) was used to remove native oxide from the 
Si wafer or SiO2 containing layers, like PSG. The metallization was done with a sputtering 
system. Metallic elements for the front contact were Ni and for the back contact Al. 
Table 5.02: Facilities and institutes responsible for the fabrication steps. 
Fabrication Facility Institute Performed by 
Ion Beam Implantation HZDR FWI F. Nierobisch(T) 
Plasma Immersion Ion Implantation HZDR FWI M. Steinert(T) 
Flash Lamp Annealing HZDR FWI T. Schumann(T) 
K. Krockert(S) 
Rapid Thermal Annealing HZDR FWI G. Schnabel(T) 
Furnace Annealing HZDR FWI G. Schnabel(T) 






















(P) Postdoc; (S) Scientist; (T) Technician 
(1) Central Clean Room; (2) Institute of Electronic and Sensor Materials 
Not every process step was done for each experiment. The used materials and process steps are 
mentioned again before the discussion of the results in the corresponding chapter. As mentioned 
before, this work was done in collaboration with the Division of Semiconductor Materials at 
Institute of Ion Beam Physics and Material Research (FWIM) of the HZDR and the Institute of 
Experimental Physics (IEP) of the TU BAF. In Table 5.02 the process steps done by the 
corresponding facilities and persons are listed.  
 




Table 5.03 Characterization methods in alphabetic order.  
Characterization Facility Institute Performed by 
Auger electron spectroscopy HZDR FWI(3) H. Reuther(S) 
Dislocation Density TU BAF IEP S. Reißenweber(S) 
K. Krockert(S) 
Elastic Recoil Detection Analyses HZDR FWI F. Lipp-
Bregolin(S) 
K. Krockert(S) 




K. Krockert(S)  
S. Prucnal(P) 
Light Beam Induced Current TU BAF IEP K. Krockert(S) 
Photoluminescence Spectroscopy HZDR FWI S. Prucnal(P) 









HZDR FWI F. Lipp-
Bregolin(S) 
K. Krockert(S) 
Secondary Ion Mass Spectrometry UiO/SMN(5) MiNaLab(6) L. Vines(T) 
Surface Photo-Voltage TU BAF IEP K. Krockert(S) 
Sun Simulator TU BAF IEP K. Krockert(S) 
Transmission Electron Microscopy HZDR FWI R. Hübner(S) 
(1) Central Clean Room 
(2) Institute of Electronic and Sensor Materials 
(3) Institute of Ion Beam Physics and Materials Research 
(4) Institute of Theoretical Physics 
(5) University of Oslo/Centre for Materials Science and Nanotechnology 







In the next subchapter the measurement methods are mentioned. After formation of the P 
emitter the microstructural and electrical properties of doped layers had to be investigated. The 
P and H distribution was measured with SIMS. The electrical and opto-electrical properties of 
the solar wafers were characterized by Four-Point-Probe measurements, Surface Photo-
Voltage, Raman Spectroscopy and Photoluminescence Spectroscopy. With Elastic Recoil 
Detection Analyses the H concentration and with Rutherford Backscattering Spectrometry the 
Fe concentration was measured. The Al distribution in Si and the thickness of the BSF 




fabricated with ms FLA was investigated by Auger Electron Spectroscopy and the 
microstructural properties by Energy-Dispersive X-ray Spectroscopy as well as Transmission 
Electron Microscopy. Finally, the pilot solar cells are characterized by Light Beam Induced 
Current and Sun Simulator. In Table 5.03 the characterization methods and institutes are listed. 
As already mentioned in the first part of this thesis, due to complexity and dangerousness (high 
voltages, toxic gases) of the large scale facilities at the HZDR the equipment are reserved to be 
operated by advanced technicians only. However, the author attended the experiments at the 
HZDR except when H&S regulations prohibited attention. 
5.2 Characterization of the p-n junction by ion implantation and FLA 
Several investigation were done in order to characterize the p-n junction produced with PIII and 
FLA. The SR was determined with Four-Point-Probe measurements and the crystallinity by the 
Raman- and Photoluminescence Spectroscopy. Important solar cell parameters were analyzed 
with Surface Photo-Voltage (diffusion length).  
5.2.1 Four-Point-Probe measurement (4-PPM) 
The SR is the primary quality factor analyzed during the production of Si wafers for solar cells. 
These measurements were done with the 4-PPM device CMT-SR 3000 from Advanced 
Instrument Technology. A linear measurement geometry based on the Kelvin Bridge is used. 
The measurements are performed in the so called ohmic regime which means that the I-V 
characteristics of the sample-needle-contacts have to be linear at each point. [42] For usual 4-
PPM the distances of the needles is equal. A current I is applied at the two outer contacts to the 
sample and at the two inner contacts the voltage drop V is measured current-less (dead). Thus, 
the SR [Ω/□] is independent of the contact resistance between the needles and the sample. The 










With the above mentioned contact geometry the proportionality factor (π/ln2) is approximately 
4.532 and d is the thickness of the layer. This equation is valid for d  s/2, only. In a microscopic 




interpretation the specific resistance () depends on the free electron and hole density (n and p) 












where e represents the elementary charge.  
5.2.2 Raman Spectroscopy (RS) 
The RS is a powerful non-destructive optical method commonly used for the characterization 
of different solids. Here the micro-Raman spectroscopy was used to investigate the crystalline 
quality of silicon wafers used for the solar cell fabrication after different processing steps.  
RS is based on the Raman Effect observed by C. V. Raman in 1928 [109]. If a sample is 
irradiated with monochromatic light the spectra of the backscattered light contains additional 
features. Next to the spectral line of the light source energetically shifted spectral lines (Raman 
lines) occur. If the incoming photon stimulates a phonon in the lattice it leaves the sample with 
lower energy. Then the spectral line is ‘Stokes shifted’. If the scattered photon absorbs a phonon 
the photon leaves the sample with higher energy and the so called ‘Anti-Stokes-lines’ are 
visible. The Anti-Stokes have lower intensity than the Stokes spectral lines. Thus, usually the 
Stokes-mode is analyzed. 
The RS measurements were done partly at the HZDR and partly at TU BAF. Both RS 
equipments are delivered by the same supplier (LABRAM System HR-800/Jobin Yvon). The 
advantage of the RS at the Institute of Theoretical Physics (TU BAF) is the option to use three 
lasers having different . Thus, the Raman spectra could be recorded at room temperature in 
the backscattering geometry using laser wavelengths of 325 nm, 442 nm, or 532 nm, resulting 
in increasing absorption depth and hence extending the depth of information from 8 nm to 
900 nm below the surface. 
Beside RS, the photoluminescence spectroscopy was used in order to study the quality of the 
recrystallized p-n junction. 




5.2.3 Photoluminescence Spectroscopy (PL) 
The PL of semiconductors is based on the separation of electron-hole-pairs by light absorption. 
Photons with energies higher than the band gap lift electrons from the valence band into the 
conduction band. These excited electrons relax into the minimum of the conduction band. 
Accordingly, the excited holes relax into the maximum of the valence band. Subsequently, the 
electron and hole can recombine radiative (τrad) or non-radiative. Non-radiative are the 
Shockley-Read-Hall- and the Auger-recombination (see chapter 3.2). [46, 47] The energy of 
the emitted photons is measured. This leads to a characteristic spectrum. The PL intensity 
strongly depends on the crystalline quality of the Si matrix and on the measurement 
temperature. Defects like displaced atoms, vacancies, dangling bonds, etc., hamper the PL 
emission. It is worth to mention that many of these defects are not detected by RS, but are easily 
detectable by PL measurements. Therefore, both techniques are complementary and provide an 
overview of the solar cell wafer quality. 
The PL measurements were done at room temperature using a JobinYvonTriax 550 
monochromator and a cooled InGaAs detector. For excitation a 200 mW laser emitting at 
532 nm was used. 
5.2.4 Surface Photo-Voltage (SPV) 
The SPV method was developed in 1961 by Goodman [110] and is a contactless, locally 
resolved measurement of the diffusion length (LD) of minority charge carriers in 
semiconductors. The LD describes the path length of the minority charge carrier between the 
point of generation and recombination. 
One advantage of the SPV method is the direct determination of the bulk LD while the surface 
recombination is eliminated due to the variation of the wavelength (λ). However, to be able to 
measure the real LD the thickness (d) of the sample has to be much bigger than LD [111]. 
The setup of the SPV at the IEP was developed by Lawerenz [112] and is shown in Figure 5.01. 
Samples were scanned with six lasers at λ of 785 nm, 809 nm, 850 nm, 904 nm, 950 nm and 
980 nm, corresponding to penetration depths between 10 µm and 105 µm. A beam splitter is 
placed between the laser and the detector. Hereby, 30 % of the light is deflected to a calibrated 
sc-Si solar cell. The Isc of the reference solar cell is measured by a lock-in amplifier.  





Figure 5.01: Scheme of the SPV. 
As shown in Figure 5.01 the measuring head (Figure 5.02) is placed directly in front of the 
sample. The glass body is blackened, except of the sensitive area. This sensitive area consists 
of a transparent indium tin oxide (ITO) electrode. The beam passes the sensitive area and is 
focused on the sample. Subsequently, the obtained signal (surface photo-voltage) is transferred 




Figure 5.02: Scheme of measuring head developed by Lawerenz [112, 113]. 
A xyz-cross table is used to move the sample. The voltage at the sample backside is detected by 
a lock-in amplifier. In order to avoid charge carrier generation due to the ambient light the 
system is partly placed in a black box. The distance of the measuring head to the sample should 
be approximately 50 µm. Thus, the surface voltage can be measured capacitive. The air between 
measuring head and sample serves as a dielectric.  
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Basics for determining the LD with SPV  
During SPV the sample is irradiated with monochromatic light of different λ. For each 
wavelength the penetration depth and photon flux (Φ) needs to be known. Thereby, Φ is 
calculated from the short circuit (Isc) of the irradiated solar cell. 
� =  � − ∙ � ∙  + � (5.03) 
In this equation Φeff is given by: � =  � −  (5.04) 
where Φeff is the effective photon flux and R is the reflection coefficient which defines the 
amount of light reflected from the solar cell (for 0.7 µm < λ < 1.05 µm) [114]: 
= . + . � − . � . (5.05) 
The quotient 1/α in equation 5.03 describes the penetration depth of the laser light and contains 
the absorption coefficient (α) that describes the part of photons which are absorbed by the solar 
cell and can be calculated from the experimental conditions [115]: 
� = ( .� − . ) . (5.06) 
Finally, the voltage drop ΔV between the measuring head and the sample has to be measured. 
Together with Φeff which is calculated from Isc, the LD can be extracted from equation 5.07 if 
either Φeff or ΔV is constant during the measurement (“constant SPV voltages” vs. “constant 
photon flux” mode): �∆� = ( + �) ( + � �). (5.07) 
In this equation C is an equipment-specific constant and based on the dimension of the 
measuring head and its distance to the sample. Additionally, S is the surface recombination 
velocity and D the diffusion constant. Furthermore, this linear correlation is only valid with low 
injection (SPV working mode) and is a one-dimensional equation. It means that lateral diffusion 
flows are unaccounted and thus, the diameter of the laser spot must be at least twice the LD. LD 
can be extracted from the linear plot (Goodman-Plot) of Φeff/ΔV over 1/α (shown in figure 5.03):  














Figure 5.03: Scheme of the Goodman Plot (redrawn form [113]). 
The negative LD is given by the crossing point of the linear fit with the x-axis. S and D only 
influence the slope of the function 5.07. [112, 113] 
SPV requirements: 
Some requirements for the determination of LD were already mentioned before: 
- Knowledge of R, α and Φ. 
- Constant values of S, D and δn (aberration of the electron concentration to the 
thermodynamic equilibrium). 
- Insignificants of the extension of the space-charge region and of the influence of the 
sample backside. 
- Low injection, static signal and homogenous sample. 
Not all of these requirements are fulfilled all the time or approximately valid which is discussed 
below. [112, 116] 
  Determination of α 
Investigation of Swimm and Dumas [115] as well as Nartowitz and Goodman [117] have shown 
large aberrations of the absorption data at higher λ (> 1 µm) for materials with crystal defects. 
Thus, the SPV of the IEP at the TU BAF does not work with those high λ. 
  





The concentration of electrons and holes are constant in the thermodynamic equilibrium. When 
photons with energies higher than the band gap are absorbed the concentration of the charge 
carriers increases by the factor δ(n) for electrons and δ(p) for holes. After the excitation the 
excess carriers recombine and the primary concentration is reached. However, the photo-
inducted current density needs some time to reach the equilibrium. In a nonequilibrium state 
the band bending at the sample surface cannot follow the irradiation and thus, the SPV signal 
decreases. Laser repetition frequencies from ten to some hundred Hz are taken, thus, the 
semiconductor is only by approximation in the static equilibrium. A detailed description can be 
found in the publication of Antilla and Hahn [111] as well as the Dissertation of Lawerenz 
[112]. 
Extension of the space-charge region 
A main uncertainly factor is the space charge region at the sample surface, because here the 
charge carriers are separated and thus, a LD dependent current or voltage signal is formed. 
Additionally, due to irradiation, excess charge carriers are created in the interior of the space 
charge region. As long as 1/α >> w (extension of the space-charge region) and LD >> w the one-
dimensional equation 5.06 is valid. For 1/α >> w and LD << w, LD cannot be determined. [118]  
Influence of the sample  
The penetration depth of the laser and the diffusion length of the minority charge carriers must 
be smaller than the thickness (d) of the sample. In this case the influence of the backside can be 
unattended. For LD >> d the Goodman Plot is not linear. [119, 120]  
Additionally, the aberration depends on S at the sample back side. Especially for S > 1000 cm/s 
the measured LD is smaller than the real LD. [121] 
Sample preparation 
As mentioned before, an advantage of the SPV method is the direct determination of the bulk 
LD independent of the surface recombination velocity. However, p-type Si has to be treated with 
acetone, to get useful SPV voltages (≥ 10 V). This accelerates the growth of a native oxide on 
the sample surface. Native oxides maximize the band bending at the surface and higher surface 
voltages can be achieved.  




A native oxide usually does not ensure a sufficient band bending in case of n-type Si samples. 
Therefore, the n-type samples are dipped for 10 minutes in a potassium permanganate solution 
(KMnO4). This solution consists of 6.32 g KMnO4 and 1 l H2O [119]. An inversion layer on 
the surface is formed due to the incorporation of MnO4 at the semiconductor surface. This 
causes a phase shifting of the SPV voltage of n-type sample of approximately 180° in 
comparison to the p-type samples [112, 116]. 
LD calculation 
Experimentally obtained SPV graphs differ from the linearity due to the strong dependence of 
the wavelength on the light power from the lasers. This causes a systematic error. The total 
error is dominated by this systematic error at sufficient SPV voltages (> 0.5 mV) and the time 
constant of the lock-in amplifier. The empirical standard deviation of the averaged results 
presented in this thesis is approximately 10 %. [112, 113, 116] 
5.3 Analysis of hydrogen and metal impurities  
PIII introduces H into the sample simultaneously with P implantation due to the plasma 
composition (PH3 (5 %) + H2 (95 %)). During the subsequent FLA, H diffuses mainly to the 
surface, but a significant part remains in the Si acting as a defect passivation source. In an 
additional step for the production of the ARL with PECVD, H can be incorporated into the Si 
substrate when suitable process conditions are applied. Furthermore, to study the metal 
redistribution during ms-FLA, Cz-Si wafers were intentionally doped with iron. With 
Secondary Ion Mass Spectrometry the P or H distribution was measured. The H concentration 
was measured with the Elastic Recoil Detection Analyses and the Fe concentration with 
Rutherford Backscattering Spectrometry. 
5.3.1 Secondary Ion Mass Spectrometry (SIMS) 
At the MiNaLab (microsystems and nanotechnology) of the University of Oslo the 
concentration and depth distribution of P and H was measured for selected samples by SIMS. 
During analysis the sample is bombarded with primary ions, at most Ar+, Cs+ or O
+, with 
energies of 5 – 25 keV. The probability that a certain atom is sputtered from the matrix 




consisting of different elements depends on the chemical environment. Different sputter yields 
and ionization potentials strongly influence the signal. [122] Consequently, at the surfaces and 
interfaces the sputter yield and thus, the signal for a certain element can be several orders of 
magnitude higher due to these matrix effects [123]. Therefore, SIMS gives only information 
about the ratio of the element concentrations in similar samples. For quantitative information, 
calibrations with other methods or reference samples are needed.  
The aim of dynamic SIMS is the mapping of the depth dependent element distribution. During 
the continuous bombardment of the surface with primary ions the sample is eroded and thus, a 
depth profile can be obtained. After the measurement only the sputter time (how long the sample 
was bombardment with primary ions) is known. An average sputter yield and from this a depth 
scale can be calculated by measuring the final sputter crater. [124, 125] 
For the measurements a beam of 10 keV O2 ions was scanned over a surface area of 
150 × 150 m2 and secondary ions were collected from the central part of the sputtered crater. 
Crater depths were subsequently measured using a Dektak 8 stylus profilometer, and a constant 
erosion rate was assumed for depth calibration. The H-concentration calibration was performed 
with an implanted reference sample.   
5.3.2 Elastic Recoil Detection Analyses (ERDA) and  
Rutherford Backscattering Spectrometry (RBS) 
Analysis techniques using ion beams provide the possibility of a depth resolved and non-
destructive investigation of the microstructure based on stopping of ions by elastic nuclear and 
inelastic electron scattering within the material. In this work the ERDA and RBS set ups at the 
Ion Beam Center at the HZDR were used to study the amount (depth concentration profiling, 
quantification) of hydrogen (ERDA) and Fe impurities (RBS) in the samples. 
RBS is based on the measurement of backscattered light ions [126] and ERDA on the recoiled 
ions as well as backscattered heavy ions of the investigated sample (shown in Figure 5.04). 
ERDA and RBS are complementary techniques, in the sense that ERDA is more suitable for 
the detection of light elements in a heavy matrix and RBS is more suitable for the detection of 
heavier elements in a light matrix. 
In both cases, the incident ions from the accelerator interact with a fraction of the atoms of the 
sample, transferring kinetic energy to them. Some of those atoms are rejected in a forward 




scattering geometry and hit the Si solid-state detector protected with an Al foil. The Al foil is 
thick enough that it is a barrier for heavier ions and only He+ (RBS) or H+ (ERDA) can go 
through to reach the detector. With the information of the impact energy and number of impact 
events at the detector, it is possible to extract the concentration and depth profile of the 
hydrogen or the iron atoms in the sample. 
 
Figure 5.04: Scheme of ERDA (a) and RBS (b). 
ERDA was done with a 43 MeV Cl7+ beam, provided by a 6 MV Tandem accelerator, in the 
standard ERDA analysis chamber. Hereby, recoiled atoms from the sample are detected by a 
Bragg Ionization Chamber (to detect heavier atoms). Additionally, a Si solid-state barrier 
detector counts the Hydrogen atoms knocked out from the sample. [127, 128] 
The RBS chamber is only equipped with a Si solid-state barrier detector in forward scattering 
direction. In this case, a 1.7 MeV He+ beam provided by a 2 MV Van der Graaf accelerator was 
used. Ions that are scattered deeper than 1 µm cannot reach the surface due to the electronic 
stopping. 
In comparison to ERDA during RBS the incident beam is almost vertical to the sample surface 
(normal incidence). Two different measurements were done. During the random RBS 
measurement the sample was slightly rotated around the surface normal. Thus, the 
concentration of the substitutional and interstitial iron could be measured because no ion 
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channeling along the main crystal axis occurs. Afterwards, for the channeling RBS 
measurement the sample position was fixed so that the incident beam was in (100) direction of 
sc-Si crystal and thus, the He+ was able to channel into the sample and is recoiled at interstitial 
iron. With both analyses it is possible to get the information how much Fe is still in the sample 
and which part of it is substitutional or interstitial Fe. It should be mentioned that the residual 
damage in the annealed sample could also influence the detected signal.  
5.4 Solar cell characterization 
In a last step the Si wafer was covered with an ARL and contacted at the front and back side 
(Ni on front side and Al on back side). The Al distribution in Si and the thickness of the BSF 
fabricated by ms FLA was investigated by Auger Electron Spectroscopy and the microstructural 
properties by Transmission Electron Microscopy with Energy-Dispersive X-ray Spectroscopy 
(EDX). With Light Beam Induced Current (LBIC) the IQE and with the sun simulator the 
properties like the I-V characteristics, FF and η are measured. 
5.4.1 Transmission Electron Microscopy (TEM) 
TEM was used in order to analyze the crystalline quality of the Si matrix after PIII and FLA. 
With TEM it is possible to observe small structures with a size down to 0.1 nm. The electrons 
are accelerated with 200 – 500 kV and focused with electromagnetic coils. Thus, a small part 
of the sample is exposed to a homogenous electron beam. This enables the investigation of the 
microstructure of materials with atomic resolution. Therefore, the sample has to be specially 
prepared to achieve a thickness between 5 – 100 nm, depending on the atomic density. [129] 
Due to the interaction of the electrons with the atoms of the sample inelastic or elastic scattering 
occurs. Within a crystalline sample the contrast occurs either due to deflection on the lattice 
plans (deflection contrast) or because of the different atomic masses (mass contrast). During 
the analysis of amorphous samples the contrast can be formed by different densities in the 
sample. The physical principles of image formation in a TEM are exhaustively discussed in the 
textbook of Williams & Carter [130]. The electron beam paths which are realized for specific 
TEM modes are shown in this textbook as well. Depending on the task and desired information 
one can use cross-section or plane-view TEM. From cross-section the thickness of different 




layers as well as the interface roughness can be determined. Hereby, the atomic resolution is 
used to get information about local composition of the processed Si layers.  
The used TEM is equipped with an EDX (Energy-dispersive X-ray spectroscopy) detector. 
EDX is an analytical technique used for the elemental analysis or chemical characterization of 
a material. It is based on an interaction of X-rays with the sample atoms. Each element has a 
unique atomic structure allowing a unique set of peaks in its X-ray spectrum. At the ground 
state an atom within the sample contains unexcited electrons in discrete energy levels or 
electron shells bound to the nucleus. The incident beam excites an electron out of the shell, 
where a hole is created. An electron from an outer higher-energy shell fills the hole. The energy 
difference between the higher- and the lower-energy shell can be released in form of X-ray 
photons. The number and energy of the X-rays emitted from the material is measured by an 
energy-dispersive spectrometer. [131] 
5.4.2 Auger Electron Spectroscopy (AES) 
AES is based on the Auger-effect (see chapter 3.2). It is widely used for studying the chemical 
and compositional properties of materials. All elements, except of H and He, can be analyzed. 
The sample is bombarded with electrons (common energies are 0.5-3 keV) in order to excite 
the Auger-effect. Thus, electrons are removed from the inner shells of the sample atoms. The 
formed empty electronic states are filled with electrons from the outer shells. Due to this, 
transfer energy is released which can emit x-rays or another electron the so called Auger-
electron. The Auger-electrons have defined energies which are characteristic for the individual 
element. Thus, the different elements can be identified. 
Electrons which are emitted in deeper parts of the sample, cannot reach the surface which leads 
to a high surface sensitivity. In the spectra the electronic transition energy of the Auger-
electrons is analyzed and elemental specific peaks occur. The shape and the energetic position 
of the maxima are influenced by the chemical environment of the atoms. Information about the 
bonding states in mixed crystal can be obtained from the shift of the maxima in comparison to 
the pure material. [132]  




5.4.3 Light Beam Induced Current (LBIC) 
Recombination of charge carriers at defects in semiconductors, like dislocations and grain 
boundaries, are mostly investigated with mapping methods. In this thesis the LBIC system from 
the Institute of Experimental Physics (TU BAF) is used to analyze the defect structure and to 
measure the IQE. The local resolution is in the µm range and allows to locally separate different 
defects. It was proven that closed packed dislocation clusters can be resolved [133]. 
The EQE is measured by scanning a laser spot over the sample from left to right and from top 
to bottom. The laser intensity is electronically modulated over time at a constant wavelength. 
[133, 134] For each point the Isc and the reflection factor (R) is measured. During the 
measurement an excess carrier density is formed which corresponds to a solar cell operation at 
AM 1.5 irradiation (see section 5.4.4). For the measurement the lock-in technique at 645 Hz and 
a laser with a wavelength of 832 nm is used. Isc is higher if less of the generated charge carriers 
recombine. Thus, it can be analyzed which parts of the solar cell produce high currents and 
where the charge carriers recombine at defects leading to less photo current. A significant factor 
that influences the recombination rate at defects is the amount of excess carriers formed by 
illumination. As long as the diameter of the laser spot is smaller than the diffusion length of the 
charge carriers, only their lateral diffusion out of the irradiated area has to be considered.  
The above mentioned EQE is the ratio of the number of charge carriers collected by the solar 
cell to the incident photons: 
=  �� � ∙ ℎ�� . (5.08) 
In this equation h is the Planck's constant, c the speed of light, Isc the short circuit current, e the 
elementary charge, Pin the laser power and λ the wavelength of the incident light. The EQE is 
influenced by the properties of the bulk material and the reflection at the solar cell surface. 
Along the surface of a mc-Si solar cell with an ARL the R differs between 5 - 15 %. The light 
absorbed by a solar cell is proportional to (1 – R) and therefore, varies by approximately 10 % 
between the grains. To investigate the bulk material these influences of the surface should be 
avoided. 
� =  −  (5.09) 




The IQE is the ratio of the number of charge carriers collected by the solar cell to the absorbed 
photons independent of R and is based on following mechanisms [42, 133]: 
- Recombination of minority charge carriers in the bulk material, 
- Recombination of minority charge carriers at the surface (front-, backside), 
- Losses due to short circuits in the interior of the solar cell. 
5.4.4 Sun Simulator 
With the sun simulator the I-V-characteristics of solar cells are analyzed under defined 
illumination conditions. In order to ensure similar testing conditions the “air mass” factor is 
introduced. It represents the attenuation and changes in the solar spectrum depending on the 
path length of the sun light through the earth‘s atmosphere with inclined incidence angle. The 
AM is calculated according to: 
� =  � � � . (5.10) 
In this equation z is zenith angle. Thus, AM 1 represent the spectrum of sun light perpendicular 
to the earth‘s surface and AM 1.5 the solar spectrum with an zenith angle of 48.2°. To 
approximate ambient conditions for summer in Central Europe the AM 1.5 spectrums at 
constant temperature is used. [38]  
During the measurement a voltage is applied and the current is measured. A small solar cell 
with known parameters acts as reference to calibrate the illumination intensity. 
 




6 Solar cell performance 
As mentioned before, today’s challenge of PV is to decrease the costs for the solar cell 
production. This goal can be achieved by the reduction of process steps, the simplification of 
individual steps and the use of cheaper materials. Cheaper material is usually less temperature 
stable and contains a rather high concentration of different impurities. The diffusion and 
activation of such impurities into the space-charge region should be suppressed or restricted. 
Therefore, the LTB process for mc-Si solar cells was developed and characterized. Today, the 
price differences between sc- and mc-material decreases. Following investigation were done at 
mc- and sc-Si. Mc-Si material is chosen in this thesis due to the higher defect density and thus, 
the more similarity to Si thin-films. Additionally, sc-Si is used for comparison and a better 
understanding of the influence of FLA on the solar cell performance. 
The p-n junction in Si based solar cells is fabricated by PIII instead of the conventional P 
diffusion. FLA is used to recover the defects generated during the ion implantation and to 
activate the P. With FLA the surface is heated up within the millisecond range with an intensive 
light pulse which generates a temperature high enough to ensure recrystallization of the Si 
substrate up to the surface. Additionally, the bulk material is almost not influenced by the 
heating. Thus, the diffusion and activation of metal impurities in the bulk is supposed to be 
suppressed. Unwanted impurities like Fe are bound, for example at grain boundaries, in the 
solidified Si ingots after the crystal grows. Activation and diffusion means that during annealing 
steps the Fe is released on interstitial lattice sites of the Si crystal, where Fe has a high diffusivity 
and generates SRH traps for charge carriers. Therefore, the diffusion length of the charge 
carriers can be reduced drastically. [135] 
In terms of economic and ecological improvements a process which requires a lower thermal 
budget also reduces energy costs and causes less environmental pollution. Both, PIII and FLA 
techniques are available at the HZDR. In the following subchapters several important points 
are investigated: 
  




- optimization of the FLA parameters (chapter 6.1), 
- influence of the grain size of the mc-Si on the diffusion length (chapter 6.1), 
- passivation behavior of H which is introduced during PIII (chapter 6.2), 
- influence of PIII and FLA on the Fe distribution (chapter 6.3) 
- and the first sc-Si solar cells produced with LTB process (chapter 6.4). 
6.1 Processing of the p-n junction by IBI and FLA 
On March 30th, 2010 the PIII was delivered to HZDR by DTF (Dresden Thin Film Technology). 
Afterwards, the PH3 supply and disposal were installed until February 2011. Next, the PIII had 
been taken into operation. In order to get knowledge of the optimal FLA parameters in advance 
the first pilot investigation were done on P implanted samples using the beam-line facility. In 
this chapter the parameters of FLA for later use with PIII are selected. For the following 
investigation the P fluence was chosen between 2x1015 cm-2 and 1x1016 cm-2 with an energy of 
120 keV. The implantation was done through a 120 nm SiO2 layer. No significant differences 
of the SR (< λ0 Ω/□) and LD (> 50 µm) are found for the varied P fluence and therefore, the 
whole scale is sufficient for the LTB process. 
6.1.1 Variation FLA parameters 
First investigation were done for selected IBI fluence and various FLA parameters. For this 
experiments sc- and mc-Si wafers were taken. The following results are published in [8]. 
At the MiNaLab of the University of Oslo the concentration and depth distribution of P 
implanted by IBI was measured for selected samples by SIMS. This analysis has a high 
sensitivity for low atomic concentrations and a dynamic detection range of several orders of 
magnitude. However, it is not a standard-free method and due to matrix effects it requires a 
thorough interpretation when analyzing surfaces and interfaces. [123] The SIMS profiles for 
2x1016 P+/cm2 implanted sc-Si material which was processed with RTA (1000 °C / 30 s) or 
FLA (400 °C / 3 min + 1200 °C / 20 ms) are shown in Figure 6.01. The diffusion behavior of 
the implanted P as a function of annealing process is analyzed.  
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Figure 6.01: Depth distribution of the P implanted and annealed sc-Si substrate obtained by 
the SIMS technique. 
The SIMS results of P implanted sc-Si samples (shown in Fig. 6.01) indicate a pileup of 
P at the Si surface. However, one has to be careful by interpreting SIMS signals at surfaces and 
interfaces because of the well-known matrix effects [8, 123] which can change 
the SIMS signal by orders of magnitude. By the comparison of the P signals at the surface an 
authentic signal is obtained at a depth of more than 13 nm. Nevertheless, an increased P 
concentration at the surface is observed. Concerning a P concentration of 3x1021 cm-3 the highly 
P doped layer has a thickness of about 15 nm within the sc-Si material. In comparison to the 
as-implanted wafer the FLA annealed sample shows a slight diffusion of P into the depth by 
about 20 nm, while the RTA treated sample reveals a strong redistribution of P up to a depth of 
300 nm with high losses close to the surface region. This is a clear disadvantage of the long-
term treatment for thin-film Si. In order to fulfill the requirements for the high-efficient solar 
cell a highly doped emitter at the Si surface is needed. Therefore, the development of the LTB 
process was focused on the investigation of the optimal FLA parameters for Si based PV 
application. 
  




First draft with sc-Si 
Sc-Si material was implanted by IBI with an energy of 120 keV and fluence of 2×1015 P+/cm2. 
The implantation was done through a 120 nm SiO2 layer. Subsequently, the samples were FLA 
processed for 20 ms at different temperatures (800 °C, 1000 °C or 1200 °C). After etching the 
SiO2 layer with diluted HF the samples were investigated by the 4-PPM, RS and PL 
spectroscopy. 
The SR is the primary quality factor analyzed in the production of Si wafers for solar cells. 
From the application point of view, it should be as low as possible in order to get a good ohmic 
contact between the metal and the Si. For a better η of the not contacted areas a higher SR is 
preferred. The SR depends strongly on the defect density and the concentration of P activated 
in Si during annealing. As mentioned before, the optimal lower limit of the SR for solar cell 
applications is 30 - 50 Ω/□ for conventional and 70 - 100 Ω/□ for solar cells with high ohmic 
















Figure 6.02: SR as a function of temperature obtained from sc-Si implanted with 
2x1015 P+/cm2 and FLA processed for 20 ms.  
In Figure 6.02 the SR of sc-Si annealed with 20 ms FLA at 800 °C, 1000 °C and 1200 °C is 
shown. After 800 °C annealing the SR is 111.34 Ω/□ which is too high for solar cell applications 
and indicates low activation efficiency. In contrast, treatments at 1000 °C and 1200 °C lead to 
SR of 21.78 Ω/□ and 1λ.67 Ω/□, respectively. These low SR correspond to high activation 
efficiencies. However, as already mentioned for solar cell applications the SR should be above 
30 Ω/□. Therefore, the implantation fluence has to be decreased. The SR provides no 




information on the layer microstructure. To get information of the recrystallization the µ-RS 
and PL was used. 
RS is used to analyze the crystal quality of the Si wafer after P implantation and FLA. The 
Raman spectra were recorded at RT taking a 532 nm laser. As mentioned in chapter 4.2.2, it is 
well known that ion implantation of a crystalline matrix introduces radiation defects. 
Amorphization of the implanted region appears for a high fluence. For P implantation at room 
temperature an amorphous layer is formed already at a fluence of 3x1014 cm-2 [77]. In general 
the Raman spectrum taken from Si can have a broad band at 460 – 480 cm-1 and/or a peak at 
about 520 cm-1. The first one corresponds to the a-Si [136], while the peak at 520 cm-1 is from 
the c-Si substrate [137]. 
Figure 6.03 shows the Raman spectra of P implanted and FLA processed (800 °C, 1000 °C and 
1200 °C for 20 ms ) sc-Si wafers. 























Figure 6.03: Raman spectra obtained from sc-Si implanted with 2×1015 P+/cm2 annealed at 
different temperatures for 20 ms. 
The as-implanted sample (black line) shows a broad band due to a-Si at 460 cm-1 and a peak 
about 520 cm-1. However, the penetration depth of the 532 nm laser in Si is approximately 




900 nm [138]. The laser goes through the amorphous layer (~80 nm) and subsequently reaches 
c-Si (depth of about 900 nm). After annealing the intensity of the peak at 520 cm-1 increases, 
because of the recrystallization of the implanted Si layer. From the comparison of the as 
implanted sample with the sample annealed at 800 °C no significant difference is visible (black 
and red line). Thus, we can conclude that after FLA at 800 °C for 20 ms the implanted layer 
remains amorphous or strongly disordered. This confirms the results of the SR investigation. 
After 1000 °C for 20 ms the Si is fully recrystallized.  
To get more information how the SR is influenced by the crystal structure PL measurements are 
performed. Some defects are not visible in the Raman spectroscopy, but their presence can be 
easily detected by the PL spectroscopy. Figure 6.04 shows the room temperature PL spectra of 
sc-Si material obtained from the as-implanted sample and samples after FLA for 20 ms.  






















Figure 6.04: PL spectra obtained from sc-Si implanted with 2x1015 P+/cm2 at 20 keV and 
FLA for 20 ms at different temperatures. 
During PL measurements a green laser with 532 nm wavelength and 200 mW power was used 
with an incident angle of 60° to the surface normal which corresponds to a penetration depth of 
about 400 nm. The broad peak at approximately 1140 nm corresponds to the band-to-band (B–
B) transition in Si which ends in a side band with a maximum at approximately 1220 nm. This 
side band is due to luminescence centers formed by P ions. [130] The PL intensity strongly 
depends on the crystal quality of the Si matrix and decreases with increasing defect density, 
like interstitial atoms, vacancies or dangling bonds [139]. Impurities with an energy level in the 
band gap can reduce the PL intensity as well. Those defects work as non-radiative channels for 




radiative de-excitation. Thus, the as implanted (not annealed) sample shows no B-B 
luminescence. Samples annealed at 1200 °C for 20 ms have the highest PL intensity (B-B 
transition increases) which indicates a good crystalline quality. According to the PL results, 
samples annealed at 800 °C and 1000 °C still contain a higher defect density than at 1200 °C, 
as expected from 4-PPM and Raman measurements. 
Discussion about the first draft 
Sc-Si material was implanted (120 keV / 2∙1015 P+/cm2) through a 120 nm SiO2 layer, 
subsequently annealed for 20 ms at different temperatures (800 °C, 1000 °C and 1200 °C) and 
characterized by 4PPM, RS and PL. 
The results obtained from the sample annealed at 800 °C for 20 ms show an inadequate 
recrystallization. This sample has still a high defect concentration and less P activation. The 
Raman spectra shows a broad band at 460 cm-1 which corresponds to the amorphous silicon. 
This is confirmed by the weak B-B transition in this sample and a high defect density in the n-
layer. Most of the PL signal comes from the c-Si substrate. However, it depends on the 
annealing conditions and increases with FLA temperature because of a decreasing defect 
density. These results can be understood by the temperature dependence of crystallization by 
solid phase epitaxy (SPE) and P activation. For pure Si the velocity υ of the SPE front is given 
by [140]: 
� = � ∙ �� (− � ∙ ) (6.01) 
Hereby, kB is the Boltzmann’s constant and T the temperature. For an activation energy EA of 
2.68 eV and υ0 of 3.1x108 cm/s υ equals 0.8 nm/ms at 800 °C. It means that at 800 °C the 
epitaxial regrowth of the implanted layer needs approximately 100 ms. Thus, for 800 °C the 
FLA method with times (t) of 20 ms is not suitable. Even if the SPE rate is enhanced by dopants 
like P the FLA time is not sufficient for complete recrystallization. [140] P implanted samples 
annealed at 1000 °C and 1200 °C for 20 ms have no significant differences in the SR (22 Ω/□ 
and 20 Ω/□) and RS. In both cases the Raman spectra do not show the band at 460 cm-1 that 
normally is a finger print for the existence of an amorphous phase in Si. According to the RS 
the amorphous layer in the samples annealed at 1000 °C and 1200 °C is fully recovered. 
However, the PL investigation show that the sample annealed at 1000 °C still has higher defect 




density in comparison to the samples annealed at 1200 °C, because the B-B transition peak 
intensity, at about 1140 nm, increases with FLA temperature. For activation energy EA of 
2.68 eV and υ0 of 3.1x108 cm/s, υ equals ~75 nm/ms (1000 °C) and ~2100 nm/ms (1200 °C). 
By comparing the PL intensity and the results of the SR, it is clear that the PL intensity is 
inversely proportional to the SR value. This is important because the defect density influences 
the optical properties of the solar cell. The maximum PL intensity and the lowest SR was 
obtained from the sample annealed at 1200 °C for 20 ms. In comparison to this, the sample 
annealed at 800 °C shows the lowest PL intensity, except for the as implanted sample, and the 
highest SR. It is shown that FLA at 800 °C for 20 ms is not sufficient and therefore, it is not 
used in the following experiments. Best results are obtained for the samples annealed at 
1200 °C. Samples annealed at 1000 °C still have a higher defect density compared to samples 
annealed at 1200 °C. Nevertheless, the 4-PPM and RS provided a good basis for further 
experiments. Thus, next investigation were done with FLA temperature of 1000 – 1200 °C.  
Second draft with mc-Si 
Further investigation were done with SoG mc-Si and are based on the experiments presented in 
references [8] and [9]. Prior to the ion implantation and annealing the sample surfaces was 
texturized by chemical etching with 40 % HF, 65 % HNO3 and 85 % H3PO4 in the ratio 3:1:3 
for 8 min. Second, P was implanted at an energy of 20 keV with a fluence of 3.8x1015 P+/cm2 
which corresponds to an atomic peak concentration of 8.8x1020 cm-3 at about 30 nm below the 
surface. The a-Si layer can extend up to a depth of 80 nm. In order to recrystallize the Si and 
activate the implanted P the samples were FLA annealed at 1000 °C for 3 ms or 20 ms. For 
comparison standard FA (900 °C, 30 min) and RTA (1000 °C, 30 s) were performed as well. 
Figure 6.05 shows the SR obtained from mc-Si material for different annealing parameters. For 
each sample the results are averaged over 9 points across the sample surface. The lowest SR of 
27 Ω/□ and 35 Ω/□ were obtained for long-term FA and RTA, respectively. For both annealing 
types the standard deviation of the average SR is in the range of 1.5 %. 



















Figure 6.05: SR as a function of thermal treatment for P implanted mc-Si samples [8]. 
The SR of RTA and FA are good for an ohmic contact, but too small for high efficient solar 
cells. In case of the FLA samples the SR is in the range of 62 ± 6 Ω/□ and thus, in the useful 
range of 30 Ω/□ – 100 Ω/□. It means, according to the 4PPM that the P is electrically activated. 
The standard deviation is below 2 %. Thus, it is possible to get SR values desirable for PV 
applications with FLA treated mc-Si. 
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Figure 6.06: Raman spectra obtained from as-implanted mc-using different excitation laser 
light. 
For the investigation with RS different excitation wavelengths (325, 442, and 532 nm) are used. 
Depending on the excitation wavelength Raman spectra are recorded from different depths. 
Figure 6.06 shows the Raman spectra obtained from a P implanted sample before annealing. 
The penetration depth of the laser light for 325 nm, 442 nm and 532 nm in Si is in the range of 




8 nm, 200 nm and 900 nm, respectively. [138] Hence, after excitation with ultraviolet (UV) 
(325 nm), blue (442 nm), and green (532 nm) lasers the Raman spectra deliver information 
about the surface quality, the damaged region due to ion implantation and bulk material, 
respectively. 
In Figure 6.07 the RS of implanted and annealed samples with different laser excitation is 
shown.  
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Figure 6.07: µ-RS obtained from implanted and annealed samples using different laser 
excitation [8]. 
There is no significant difference in the Raman spectra between samples annealed at different 
conditions. Hence, according to the Raman measurements the Si is fully recrystallized after 
FLA at 1000 °C for 3 ms or 20 ms. However, the Si peak in Raman spectra (520 cm-1) of 325 nm 
excitation is not symmetric at the low frequency side. There could be three reasons for the 
asymmetry of the 520 cm-1 peak. First, the Si was not fully recrystallized during annealing. 
Therefore, residual amorphous phases exist near the surface region. Concerning a regrowth rate 
of a-Si in the range of 1 nm/s at 600 °C [141] the samples annealed with FA at 900 °C for 
30 min and RTA at 1000 °C for 30 s should not contain an amorphous surface layer. Thus, the 
existence of a-Si can be excluded. Second, the surface region still has a disordered structure 
because of a high amount of interstitial P interior the Si matrix. P was implanted at 20 keV and 
fluence of 3.8x1015 cm-2 which corresponds to a concentration of 8.8x1020 cm-3. The solubility 
of P in Si has been reported by Trumbore [65] and Kooi [66]. They identified the solid solubility 




limit of about 1.2x1021 cm-3. Therefore, these experiments were performed within the solid 
solubility regime. Additionally, the peak concentration decreases due to diffusion of P into Si. 
Hence, only the third reason, the Fano interaction, remains. Usually, Raman peaks spectra are 
symmetrically. In 1935 Ugo Fano explained the asymmetric shape of Raman peaks by the 
interference of two scattering amplitudes [142]. One is due to scattering within a continuum of 
states (background process) and the second due to an excitation of a discrete state (resonant 
process). Thus, the asymmetry of the 520 cm-1 peak is a consequence of the interference 
between discrete phonons and the continuum of electronic states in heavily P doped Si. 
Additionally, a broad peak can be observed at approximately (618 ± 3) cm-1. That peak is 
generated by the Si-B vibration mode. The intensity and position depends on the free charge 
carrier concentration (substitutional B atoms). With increasing B concentration the peak 
position shifts towards higher wavenumbers. [143] For the excitation with the UV laser the 
substitutional B related peak is detected at 615 cm-1. By increasing the excitation wavelength 
to 442 nm or 532 nm (when more bulk material contributes) the peak position of the Si-B 
vibration mode shifts to 618 cm-1 and 620 cm-1. This means that within the implanted region P 
atoms are in substitutional position after annealing and overcompensate positive B related 
carriers. No significant differences in the Raman spectra are obtained for the different annealing 
conditions. However, the room temperature PL spectra shown in Figure 6.08 have distinct 
differences. 
For the long-term annealed (RTA and FA) samples the lowest B-B PL intensity is observed. In 
these experiments SoG mc-Si with a relatively high concentration of metal impurities was used. 
During long-term annealing metals diffuse from the bulk towards the space charge region and 
there they act as non-radiative recombination centers and carrier traps. As already explained 
before, both degrade the PL intensity and finally lead to less efficient solar cells. Nevertheless, 
the B-B PL intensity for RTA is smaller than for FA. A reason could be the extrinsic gettering 
effect. At temperature of 800 – 1000 °C metallic impurities are mobile and therefore, diffuse 
from the bulk material to the surface. In the case of FA (30 min) a fraction of the metallic 
impurities can diffuse through the whole wafer and out of the Si. [31] At shorter annealing times 
the PL intensity for the B-B transition increases. Samples annealed for 3 ms show the highest 
intensity of the B-B transition because the thermal budget introduced to the sample is sufficient 
to activate implanted P (see 4-PPM and RS), but too short for the activation of the metal 
impurities which act as the non-radiative deexcitation channels.  




























Figure 6.08: Room temperature PL spectra obtained from P implanted (3.8x1015 cm-2) and 
annealed Si samples [8]. 
To verify the results the minority charge carrier diffusion lengths (LD) were investigated. This 
parameter indicates the material quality. The LD is the average distance of a charge carrier from 
the point of generation to the point of recombination. For solar cell applications LD values 
should be higher than the half of the wafer thickness used for the solar cell fabrication which is 
a value high enough to allow carriers to diffuse up to the electrodes for the current generation. 
The samples were scanned with six lasers at wavelengths of 785 - 980 nm corresponding to 
penetration depths between 10 µm and 105 µm. Therefore, the depth of information of these 
measurements is in the Si bulk which should not be influenced by the FLA. The voltages at 
each measurement point and wavelength were recorded six times and averaged. Subsequently, 
the average values are used to calculate LD by Goodman plots.  
In Figure 6.09 the LD results are shown. The LD should be higher than 90 µm, depending on the 
wafer thickness (~180 µm), but all values are lower than 80 µm which is comparable to the LD 
of the virgin sample (78 µm). FA or RTA processed samples have the lowest LD in the range of 
5 µm (FA) and 10 µm (RTA). These values are not acceptable for solar cell devices. In 
comparison, the FLA samples show values higher than 50 µm which is up to one order of 
magnitude higher than observed for the FA samples. These results suggest the formation of a 
high quality emitter which was also concluded from the PL measurements. 




















Figure 6.09: Average minority carrier diffusion length for different annealing conditions 
obtained from P implanted mc-Si after line scan. 
It seems that with the long-term annealing the metallic impurities are released (from grain 
boundaries for example) on interstitial lattice sites and work as traps for the charge carriers, 
whereby the LD decreases. Additionally, it seems that the thermal budget introduced to the 
sample by FLA is sufficient to activate the implanted P (see 4-PPM and RS), but too short for 
the activation of the metal impurities. The inhomogeneity of the average LD is in the same range 
for all samples and does not exceed 10 % and thus, is within the accuracy of the SPV 
measurement. 
Summary of the second draft 
Si was implanted with P (20 keV / 3.8x1015 cm-2), subsequently annealed with FLA (1000 °C / 
3 ms or 20 ms), FA (900 °C, 30 min) or RTA (1000 °C, 30 s) and characterized (4PPM, RS, 
PL, SPV). 
The SR should be in the range typically used for solar cell device fabrication (30 – 100 Ω/□). 
For long-term annealing (FA and RTA) the lowest SR of 27 Ω/□ (FA) and 35 Ω/□ (RTA) are 
obtained. The SR of RTA and FA are good for an ohmic contact, but too small for high efficient 
solar cells. In comparison to that the SR of FLA samples is above 50 Ω/□. It could be shown 
that according to the 4PPM measurements the FLA in the ms range is sufficient to recrystallize 
the Si and activate the implanted P (SR = 50 – 67 Ω/□). 
After annealing there is no significant difference in the Raman spectra between samples 
annealed at different conditions. Hence, the implanted Si layer is fully recrystallized already 
after FLA at 1000 °C for 3 ms or 20 ms. 




The PL measurements of FA and RTA show that the intensity of the B-B transition peak 
decreases due to the release and diffusion of metals. Samples annealed for 3 ms show the 
highest intensity of the B-B transition because the thermal budget is sufficient to activate 
implanted P, but too short to activate the metal impurities. 
For all FLA samples the LD is in the range of 50 – 67 µm. This is up to one order of magnitude 
higher than observed for RTA (10 µm) or FA (5 µm). Additionally, the PL intensity of FLA 
samples at 1000 °C for 3 ms or 20 ms are the best. Thus, this technology is promising to replace 
the conventional POCl3-doping.  
Variation of the preheating parameters 
In industrial standard processes the wafer is heated uniformly to minimize the mechanical 
stresses. However, as mentioned above, this treatment causes the dopant and impurity diffusion 
which is unacceptable for next generation material (like Si thin-films). In contrast, FLA is a 
useful alternative for activation of P to create shallow p-n junctions without activating (metallic) 
impurities. However, temperatures up to the melting point of Si on the front side cause a large 
transient thermal gradient. Therefore, stresses occur on the front (tensile stresses) and back side 
(compressive stresses) of the wafer. For example, a Si wafer annealed at 1200 °C for 20 ms has 
to withstand a compression of -200 MPa and a tensile stress of 80 MPa. [144] The temperature 
gradient and thus, the stresses during FLA can be reduced by preheating of the wafer prior to 
the FLA process. However, the P implanted a-Si layer should not recrystallize during the 
preheating step. It means that the activation of the implanted P in Si occurs during the FLA 
only. A scheme of the FLA technique is shown in Figure 4.05, hereby the FLA lamps are above 
the wafer and the preheating lamps are below. 
For this investigation the same sc-Si samples and implantation parameters, like in the part ‘first 
draft’ are used. Hereby, IBI at energies of 20 keV and fluence of 2∙1015 P+/cm2 are used. As 
shown in the previous part, the SR for sc-Si material annealed without preheating at 1000 °C 
(21.78 Ω/□) and 1200 °C (19.67 Ω/□) are good to get an ohmic contact at the surface. With 
preheating at 400 °C or 600 °C for 3 min the SR decreases further (about 4 Ω/□). The SR with 
preheating of 400 °C and subsequent FLA is somewhat higher and thus, better compared to 
preheating at 600 °C. However, the differences are not significant. 
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Figure 6.10: SR obtained from P implanted sc-Si, preheated at 400 °C or 600 °C for 3 min 
and annealed at 1000 °C or 1200 °C for 20 ms. 
To get more information about the microstructure, additionally to the 4-PPM the RS at room 
temperature using a 532 nm laser for excitation was performed (Figure 6.11). In Figure 6.11 (a) 
it is shown that a preheating at 600 °C for 3 min is sufficient to start the recrystallization process 
of the P implanted Si sample. This explains the decreased broad peak at 460 cm-1 which 
originates from the a-Si layer. There are no differences between the sample only preheated at 
600 °C (Figure 6.11 (a)) and the ones which where additionally flashed after preheating (Figure 





































Figure 6.11: RS spectra for samples processed with (a) only preheating, (b) preheating at 
400 °C + FLA, (c) preheating at 600 °C + FLA. The inset shows the broad peak at 460 cm-1. 




Figure 6.12 shows the PL spectra obtained from samples preheated at different temperatures 
for 3 min without an additional FLA pulse. 






















Figure 6.12: Room temperature PL spectra obtained from P implanted sc-Si and different 
preheating conditions without FLA. 
Between the 400 °C preheated and the only P implanted sample no significant differences are 
obtained. This means, due to the high disorder in amorphous layers too many defects exist and 
thus, no B-B luminescence is observed. In contrast to this, samples preheated at 600 °C exhibit 
a broad peak at 1140 nm. Therefore, a part of the amorphous layer is recrystallized already 
during the preheating process.  
The RS and PL investigation have shown that the thermal budget with a preheating at 400 °C 
for 3 min is low enough to avoid recrystallization of the a-Si, but high enough to decrease the 
strain in the sample and to get a sufficient P activation after an additionally FLA pulse. 
Therefore, the following experiments were performed with a preheating temperature of 400 °C. 
mc-Si substrate 
The next investigation were done with 1x1016 P+/cm2 implanted mc-Si samples which are 
preheated at 400 °C for 1 min to 5 min and annealed at 1100 °C for 20 ms. In Figure 6.13 (a) 
the best SR is obtained for samples preheated at 400 °C for 3 min. The results of the P implanted 
mc-Si substrate are nearly in the middle of the target range of 30 – 100 Ω/□. In comparison to 
this, the SR (~17 Ω/□) after FLA of P implanted sc-Si substrate is smaller than the lower limit 




of 30 Ω/□. Only the samples preheated at 400 °C for 3 min comes into account, because it has 
the highest LD. However, for efficient PV the LD is still too small (see Figure 6.13 (b)). 
































Figure 6.13: Influence of preheating time on the SR (a) and LD (b) after FLA at 1100 °C for 
20 ms. 
Both key parameters (SR and LD) show the best results for preheating at 400 °C and 3 min. 
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Figure 6.14: Influence of preheating (400 °C / 3 min) and FLA (1200 °C / 20 ms) on the 
virgin mc-Si material. 
From the above discussed investigation, promising preheating (400 °C for 3 min) as well as 
FLA (≥ 1000 °C for 3 or 20 ms) parameters are found. Now, it is interesting to know, how these 
parameters influences LD in comparison to the virgin mc-Si material even without implantation 




(Figure 6.14). After preheating LD decreases about 8 % and is still within the 10 % limit of 
accuracy of the measurements, as mentioned in the ‘measurement techniques’ part in section 
5.2.4. With subsequent FLA the LD decreases by 29 % in comparison to the virgin mc-Si 
material. Previous simulations have shown that the back side of sc-Si material after a 20 ms 
flash at a temperature of 1200 °C is heated up to ~1030 °C [144]. Thus, already at 1200 °C for 
20 ms it seems that metal impurities are released, but not in such a significant amount like 
during the long-term annealing (RTA, FA) which can be seen in Figure 6.09. 
Summary of the variation of the preheating parameters 
During these investigation the preheating parameters are varied. For the sc-Si samples 
(implanted at 20 keV and fluence of 2∙1015 P+/cm2) the SR, PL intensity and LD were 
characterized. The amorphous P implanted Si layer should not be recrystallized by the 
preheating step to avoid the diffusion of metal impurities. Thus, optimally preheating 
parameters have to be chosen. 
According to the RS and PL investigation during preheating at 400 °C no recrystallization takes 
place. Preheating at 600 °C already leads to a crystallization of the implanted layer. However, 
after FLA (1000 °C or 1200 °C) the SR had shown no significant differences between samples 
preheated at 400 °C and 600 °C for 3 min.  
Additionally, experiments on mc-Si material with different preheating times at a fixed 
temperature of 400 °C are performed. A preheating time of 3 min shows the best results for the 
SR (58 Ω/□) and LD (50 µm). Both values are in the target area. 
Investigation of SPV on virgin mc-Si material confirmed that 400 °C for 3 min are optimal 
preheating parameters. In comparison to the virgin Si substrate the LD decreases only about 8 % 
for samples preheated at 400 °C which is within limits of accuracy of SPV. With subsequent 
FLA at 1200 °C for 20 ms LD decreases about 29 %. 
As shown above the LD of the virgin sample is smaller than 100 µm, but for solar cell 
applications the LD should be higher than the half of the wafer thickness. In this case higher 
than 100 µm, thus, the virgin material shows a too small LD. For the following investigation 
mc-Si material with a higher LD is used and the influence of the grain size on the LD is analyzed. 




6.1.2 Influence of the grain size on the LD 
During these investigation the influence of the crystal grain size on the PV performance of a 
2 x 2 cm² large sample is analyzed. The grain size in mc-Si can vary across the wafer and 
therefore, the LD might be different. For this experiment two different areas of one mc-Si wafer 
were chosen. The first area has a lot of small grains (Figure 6.15 (a)) and the second one big 





Figure 6.15: Photograph of two different areas of one mc-Si wafer with a lot of grains (a) and 
with a lower amount of grains (b). 
In the present case the emitter in mc-Si was formed by PIII at an energy of 20 keV with a 
fluence of 1x1016 cm-2. The influence of the grain size on the LD between virgin substrate and 
annealed samples are compared. Therefore, the wafers were cut of the same ingot one after the 
other. Consequently, similar structure is guaranteed and a useful comparison is possible.  
First of all, the samples are polished and subsequently dipped into ‘Secco-Etch’ for 105 s. The 
‘Secco-Etch’ consist of HF, H2O and K2Cr2O7 (Potassium dichromate). Afterwards, from an 
optical microscopy-image the dislocation density is calculated with a program which was 
developed at the Institute of Experimental Physics (TU BAF).  




















Figure 6.16: Mapping of the dislocation density from two different areas of one mc-Si wafer 
with a lot of grains (a) and with a lower amount of grains (b). 
In Figure 6.16 the mappings of the dislocation densities are shown. Red areas indicate a high 
dislocation density and thus, defect rich areas. The calculated dislocation density of the sample 
shown in Figure 6.16 (a) is 7.24x104 cm-2 and in Figure 6.16 (b) is 4.47x103 cm-2. In general it 
is expected that smaller grains have a lower dislocation density compared to bigger ones.  
A grain boundary is the interface between two grains with different crystallographic 
orientations, but equal crystalline structure. In general one can differentiate between small-
angle (angle between crystallographic planes < 15°) and high-angle (angle between 
crystallographic planes ≥ 15°) grain boundaries. Small angle grain boundaries consist of a 
sequence of dislocations and obviously, due to the high amount of grain boundaries per area 
the sample 6.16 (a) has a higher amount of small angle grain boundaries, i.e. dislocations, 
compared to the one shown in Figure 6.16 (b). 
Foreign atoms and impurities prefer to accumulate and diffuse at grain boundaries due to 
interruption of crystal lattice periodicity and thus, free binding sites and large interatomic 
spaces. Therefore, grain boundaries can have a higher impurity concentration which form 
additional unwanted states in the Si band gap and reduce the conductivity. [145] 
In Figure 6.17 the SR of the 1x1016 P+/cm2 implanted mc-Si material processed with FA (900 °C 
/ 30 min), RTA (1000 °C / 30 s) and FLA (400 °C / 3 min + 1200 °C / 20 ms) is presented. 
According to the SR for the long-term FA and RTA treated samples the implanted P is activated. 
(b) (a) 




As already shown in section 6.1.1 the SR of the FA samples is too small for PV applications. In 
comparison to this, the SR of the FLA samples is approximately 33 Ω/□. Obviously, the SR 
achieved after annealing does slightly depend on the grain size of the virgin material. In the 
case of the big grain in all cases it seems to be a little bit smaller. However, the annealing 
conditions have a much higher influence on the obtained SR. Therefore, it is not possible to 
make a final conclusion only from the SR measurements and the LD investigation have to be 
taken into consideration.  
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Figure 6.17: SR obtained from P implanted mc-Si and annealed under different conditions.  
In Figure 6.18 the LD of mc-Si material with smaller or bigger grains implanted with 
1x1016 P+/cm2 and annealed by FA, RTA or FLA is shown. In contrast to the SR the LD even in 
the as-implanted state depends on the grain size, because the lasers (785 - 980 nm) penetrate 
approximately 10 µm to 105 µm into Si during SPV measurements. Therefore, these results are 
obtained from the Si bulk.  
The obtained error for each sample is smaller than 10 % and in the accuracy of SPV 
measurement. FA or RTA processed samples have the shortest LD. The LD of FA samples 
(15.8 ± 1.4 µm and 21.3 ± 1.6 µm) is too small for solar cell applications. Even if impurities 
prefer to bind at grain boundaries it does not mean that a Si wafer with smaller grains must have 
a higher concentration of impurities. During the treatment at 900 °C for 30 min a similar 
concentration of bound Fe is released on interstitial lattice sites, where they form traps for 
charge carriers and thus, destroys the PV effect in the same manner.  





















Figure 6.18: LD obtained from P implanted mc-Si and annealed at different conditions.  
In case of one big grain RTA is acceptable (61.5 ± 5.7 µm), but not for the sample with smaller 
grains (41.0 ± 6.0 µm). For FLA samples in both investigated cases (small grains / big grain) 
the LD is sufficient for PV applications. The thermal budget introduced by FLA is sufficient to 
activate the implanted P, but too short for the activation of the metal impurities. For the sample 
with a big grain LD is about 39 % higher than for the sample with small grains and is comparable 
to the difference (38 %) to the untreated samples. The standard deviation of the average LD is 
lower than 10 % for all results and herewith, in the range of accuracy of SPV measurements. 
For the RTA sample with small grains the standard deviation is 15 %. After FLA the LD of the 
virgin samples decreases approximately 31 % for small and 30 % for big grains. These results 
are confirmed by the SPV measurements presented in chapter 6.1.1, where after subsequent 
FLA the LD drops down by about 29 % in comparison to the virgin mc-Si material. In average 
the LD decreases by about 30 % after a preheating (400 °C for 3 min) and FLA (1200 °C for 
20 ms).  
Summary of the influence of the grain size on the LD 
A LTB process optimized for mc-Si solar cells is developed and characterized. In further 
investigation (not this thesis), the LTB process should be used for Si thin-films. Therefore, mc-
Si material is chosen in this thesis due to the higher defect density and thus, the more similarity 
to Si thin-films. Sc-Si substrate is only used to verify the processing parameters. The emitter of 
the Si based solar cells is fabricated by PIII. For the annealing of the defects generated during 
the ion implantation and for the activation of the P doping, the FLA technique is used. Different 
techniques were used to identify useful parameters for P implantation and FLA. First 




experiments were done with IBI for the p-n junction formation. Following investigation were 
done: 
 Variation FLA parameters 
 Influence of the grain size on the LD 
The thermal budget exposed to the sample during 800 °C FLA for 20 ms is not sufficient for a 
complete recrystallization of the implanted Si and the electrical activation of dopants. This 
could be concluded from the correlation of a high SR, the existence of a broad band (460 cm-1) 
in the Raman spectrum due to amorphous areas in the layer and the calculation of the SPE 
velocity. P implanted samples annealed at 1000 °C and 1200 °C for 3 ms or 20 ms do not show 
significant differences in the 4-PPM and RS. According to the RS the amorphous layer is fully 
recovered. However, the PL investigation shows that the samples annealed at 1000 °C still have 
a high defect density in comparison to the samples annealed at 1200 °C.  
According to the SR and the results of the PL for implanted mc-Si samples, FA and RTA are 
not suitable for ion implanted PV. During long-term annealing metals diffuse from the bulk 
towards the space charge region and act there as non-radiative recombination centers and carrier 
traps. For FLA the diffusion of the metal impurities is suppressed.  
With an additional preheating the tensions in the Si material could be reduced. The RS and PL 
investigation have shown that the thermal budget with a preheating at 400 °C for 3 min is low 
enough not to activate the metallic impurities in the crystal lattice of Si, but high enough with 
an additional FLA to get desirable values for the activation of P. 
For mc-Si LD strongly depends on the grain size. Thus, for useful comparison it has to be assured 
that always samples with a similar grain size are used. After FLA the LD is 6 times longer 
compared to the FA and increases by 50 % compared to RTA. The SR depends on the grain size 
also. 
As stated before, the results indicate that the combination of PIII and FLA is suitable for SoG 
mc-Si solar cell production and can substitute the standard diffusion and co-firing process. The 
PIII introduces the dopants necessary for the p-n junction formation while at the same time H 
is co-implanted for defect passivation. Afterwards, FLA activates P and recrystallizes Si while 
the metal impurities are only slightly activated. Furthermore, both processes are clean and need 
fewer chemicals than the standard ones currently used in solar cell production. With this 




knowledge the next chapter discusses the influences of H introduced by PIII before and after 
FLA. 
6.2 Influence of the hydrogen introduced by PIII 
The Si surface passivation is an important fabrication step for the final efficiency of solar cells 
[146]. A fundamental role in conventional Si-based solar cell fabrication plays H due to its 
excellent passivation properties. H is incorporated in the SixNy layer during PECVD process 
and released into the Si during a co-firing step. In case of mc-Si H passivates the interface 
defects, dangling bonds and grain boundaries which significantly enhance the minority carrier 
lifetime and therefore, the final η of the solar cells [147]. Recent investigation on the application 
of PIII for the passivation of solar cell p-n junctions show promising results [148, 149]. In this 
chapter the utilization of FLA for recrystallization and defect passivation in Si will be described. 
Additionally, a precise control of the H embedded in the Si substrate can be achieved due to the 
ultra-short annealing time combined with the H co-implantation by PIII.  
In the following subchapter sc-Si material was used. Due to the high amount of grain boundaries 
of the mc-Si material a lot of unknown effects would influence the results. PIII and subsequent 
ms FLA was used to form the p-n junction in the p-type Si wafer. P and H were simultaneously 
co-implanted into the samples by using a mixture of 5 % PH3 and 95 % H2. A nominal P fluence 
of 1x1016 P+/cm2 at a fixed energy of 20 keV was implanted. To activate P and recrystallize the 
implanted Si layer the samples were treated by FLA (3 min preheating at 400 °C) at 1000 °C, 
1100 °C or 1200 °C for 3 ms or 20 ms in N2, Ar or FG (95 % N2 + 5 % H2) atmospheres. The 
influences of the H content and annealing parameters on the optical and electrical properties of 
the p-n junction have to be investigated. 
6.2.1 Hydrogen profile by SIMS 
With SIMS the quantification and depth profiling of the implanted elements was performed. A 
beam of 10 keV O2 ions (primary ions) was scanned over a surface area of 150 × 150 m2 and 
H ions (secondary ions) were collected from the central part of the sputtered crater. The crater 
depth was subsequently measured by a profilometer (Dektak 8 stylus).  























 FLA 1200 °C / 20 ms
1
 
Figure 6.19: H concentration profiles of as-implanted and FLA treated (1200 °C, 20 ms in 
Ar) samples obtained by SIMS [150] 
During the PIII light molecules or ions with the same acceleration potential will penetrate 
deeper into the Si sample than the heavier ones. For a single H+ ion the penetration depth for 
an energy of 20 keV is about 230 nm to 300 nm. In comparison to this, H2
+ ions will penetrate 
nearly the half (~115 nm) and H3
+ ions will have approximately one third (~77 nm) of the Rp 
[128]. By analyzing Fig. 6.19 it is found that most of the H is located in the region closer to the 
surface (region 1+2) and not in the above mentioned depth. The reasons are:  
 P has a penetration depth of 30 - 43 nm. Consequently, the H coming from PH3 will follow 
the P distribution which is in agreement with the above shown H profile.  
 The ionization energy for PH3 (~9.9 eV) is significantly lower than for H2 (~15.4 eV) [151, 
152]. Hence, a large fraction of H2 molecules are not ionized and thus, not implanted. 
Therefore, most of the H present in the sample is from PH3.  
 With fully ionized plasma of a gas mixture from 5 % PH3 and 95 % H2 the ratio between 
implanted H to P would be 41:1. In contrast SIMS and ERDA measurements had shown a 
ratio of 0.83:1. This corresponds to a reduction of 50 times of the maximal theoretical 
amount of implanted H and cannot be explained by out gassing during implantation only.  
 Only a fraction of the implanted ions have energies of 20 keV, thus, the average energy is 
smaller which shifts the H profile closer to the surface. 




The first three facts show that a large fraction of the implanted H originates from PH3. 
According to the facts mentioned above, the H profile is divided in 4 regions. The regions 
numbered in Figure 6.19 correspond to:  
(1) H passivates the Si surface, 
(2) P implanted region, located immediately below the surface down to 40 nm, where H comes 
from different ionized molecular species of PH3 and also partially from H3
+, 
(3) H implanted region, where the implanted H originates from molecular and single H ions, 
(4) not implanted region, where no H is observed. 
As expected, the as-implanted sample has the highest total H fluence of about 8.3 x 1015 H/cm². 
The H peak concentration (Cp) is approximately 4.5 x 10
21 H/cm³ in region (1), 2.2 x 1021 H/cm³ 
in (2), and finally, 3.8 x 1020 H/cm³ in (3). In the last region (4) the concentration is 
≤ 3 x 1018 H/cm³. After FLA the residual H present in the sample is located in region (1) with 
Cp = 2.7x10
20 H/cm³ and (2) with Cp = 9.9 x 10
19 H/cm³ while most of the implanted H diffused 
out of (3) with Cp = 3 x 10
18 H/cm³. During the FLA, a part of the H is bound at defects in the 
Si matrix (mostly located in region 2) which were generated by implantation and another part 
passivate the surface (region 1). The Si matrix in region (3) contains significantly less defects, 
compared to regions (1) and (2). Consequently, most of the unbound H that is present in (3) 
diffuses out during FLA. 
6.2.2 H content as function of the thermal treatments 
A systematic quantification of the H content was performed by the ERDA technique using a 
1.7 MeV He+ beam provided by a Van der Graaf accelerator. The H+ ions kicked out by He+ 
are detected with a solid state Si barrier detector equipped with an Al stopper foil. An implanted 
reference sample was used to calibrate the H concentration. Compared to more traditional 
methods of H profiling (like resonant nuclear reaction analysis) ERDA has the advantage of a 
simultaneous multi-elemental analysis and throughput, at the expense of sensitivity and depth 
resolution.  
To activate P and recrystallize the implanted Si layer the samples were treated by FLA at 
1000 °C or 1200 °C for 3 ms or 20 ms in N2, Ar or FG (95 % N2 + 5 % H2) atmosphere. 
Additionally, the samples were preheated at 400 °C for 3 min. It is important to mention that 




after treatments of 900 °C for 30 min (FA) or 1000 °C for 30 s (RTA) the amount of H 
remaining in the Si substrate was below the detection limit of ERDA. Therefore, the comparison 




































Figure 6.20: Residual H content of FLA samples measured by ERDA. The horizontal dot-
dashed black line (8.3x1015 H+/cm2) denotes to the as-implanted H concentration [150]. 
As can be seen in Figure 6.20, after FLA treatments the residual H concentration strongly 
depends on the annealing time, temperature and atmosphere. The higher the annealing time as 
well as temperature the lower the residual H concentration within the Si matrix. Samples 
annealed in Ar for 3 ms show a significant H loss of approximately 90 % in comparison to the 
as-implanted H concentration. After annealing in N2 the H loss is less pronounced due to the 
formation of a thin SixNy layer during the FLA. This layer acts as a diffusion barrier and was 
found by ERDA itself because a small N signal is visible in the ERDA spectra (not shown). For 
samples annealed in FG the H concentration did not change significantly during annealing. FG 
consists of 5 % H2 and 95 % N2, thus, the H concentration gradient of the sample to the 
atmosphere is smaller in comparison to the Ar and N2, whereby the H loss is reduced during 
FLA. No N was detected in the samples annealed in forming gas with ERDA which indicate 
that the H is predominantly bound at the surface during the passivation process. 




6.2.3 Optical properties of the silicon substrate 
The band gap emission intensity of Si is a good indication for the presence of defects in the 
bulk material. Therefore, PL was performed to study the influence of the thermal treatments on 
the passivation of the defects.  






















Figure 6.21: Room temperature PL spectra after FLA treatments at 1200 °C for 20 ms [150]. 
In Figure 6.21 the room temperature PL spectra of sc-Si samples annealed at 1200 °C for 20 ms 
in FG or N2 atmosphere are shown. Obviously, the annealing atmosphere significantly 
influences the PL intensity. The highest B-B emission was obtained from samples annealed in 
FG. For the following annealing conditions   
 in Ar atmosphere (still presence of not passivated defects in Si matrix); 
 at 1000 °C (not high enough for a defect passivation); 
 for 3 ms (too short for a good defect passivation); 
the PL intensity was more than one order of magnitude lower. 
Figure 6.22 shows the SR of samples treated with FLA using different parameters (1000 °C, 
1100 °C, 1200 °C for 3 ms, 20 ms). The 3 ms annealing time is too short for a good passivation 
of the defects generated during the implantation process. In comparison, 20 ms FLA at 1000 °C 
to 1200 °C shows a quite effective reduction of the SR to 45 – λ0 Ω/□. Hence, the 20 ms FLA 
treatments cause adequate results for solar cell applications (30 – 100 Ω/□).  




















Figure 6.22: SR values of FLA treated samples [150]. 
That the annealing time and atmosphere plays an important role for the LD, especially at 
1000 °C, can be seen in Figure 6.23. The difference between the LD diminishes for higher 
temperatures. Finally, the highest LD (~200 µm) are found for samples annealed at 1000 °C and 
1100 °C for 20 ms in FG, suggesting that the FG compensates the H loss by acting as an H 
source during the FLA. For FLA at 1200 °C no significant differences between the atmospheres 
are obtained, because at these FLA parameters the surface is well recovered and thus, the H 





















Figure 6.23: LD of FLA samples as function of annealing parameters [150]. 
 
 




Summary of the optical properties 
In this chapter the simultaneous implantation of P and H by PIII for doping and introduction of 
a passivation agent in one step was investigated. During subsequent FLA, P was activated and 
H passivates the defects in the Si matrix caused by the implantation process. The optical and 
electrical properties of the fabricated p-n junctions were studied with particular interest in their 
dependence on the H content present in the Si matrix. Additionally, the influences of different 
FLA annealing parameters were analyzed. 
The annealing atmosphere is very important and the quality of the Si substrate is directly 
correlated to the amount of residual H in the samples. With ERDA and SIMS it could be shown 
that for samples annealed with 3 ms in FG the H concentration introduced by PIII did not change 
significantly after annealing. FG contains 5 % H2 which compensates the H loss by reducing 
the H concentration gradient during FLA. The results satisfy the requirements for solar cell 
production. Samples treated by FLA at 1200 °C for 20 ms in FG show a SR of 60 Ω/□ and LD 
in the range of 200 µm, even if the residual H concentration is lower than for 3 ms FLA. 
The attempt to use PIII for P doping and additional H introduction combined with optimal FLA 
parameters gave promising results for the application of this technology. This offers desirable 
possibilities in terms of cost reduction and high throughput while saving time and energy. 
Furthermore, alternative anti-reflective layers, such as SiO2, or cheaper and more efficient 
deposition techniques disregarding their H content can be used. It allows a more flexible design 
of advanced next generation solar cells. 
6.3 Influence of PIII and FLA on implanted iron 
Recently, the interest in metallurgical-grade Si was increased by the overall goal of cost 
reduction in the further development of solar cell technologies. Impurities remaining after the 
purification process, for example transition metals, are the main obstacle towards high efficient 
solar cells. Here the PIII and subsequent FLA are novel approaches. To study the metal 
redistribution during FLA, sc-Si wafers were intentionally implanted with iron (Fe). Fe is one 
of the most harmful impurities in mc-Si, because of its large capture cross section for electrons 
and deep level formation in the Si band gap. 




First investigation on Fe in Si started in the 50s of the last century [153-156]. The fundamental 
knowledge about the behavior of Fe in Si is based on these results. Fe forms a deep donor level 
at EV + 0.4 eV in Si during cooling after high-temperature treatment and is located on interstitial 
sites. Interstitial Fe has a high diffusivity in solid Si and reduces the LD by creating 
recombination centers. [157] Even at room temperature the interstitial Fe forms pairs with 
shallow acceptors (B, Al, Ga or In). These pairs dissociate during annealing at moderate 
temperatures and finally create Fe precipitates at higher temperatures (100 – 200 °C). In order 
to avoid diffusion of metals (i.e. Fe) into the space charge region of the p-n junction the bulk 
temperature of the mc-Si material should not exceed 500 °C. The diffusion coefficient of Fe in 
Si (DFe) depends on the temperature and is given by [158]: 
� = � − � � �� (− .  ��� ) (6.02) 
The Boltzmann constant is represented by kB. At a temperature of 900 °C (typical for high-
temperature steps during solar cell processing) the diffusion constant of Fe equals 
approximately 1.3x10-3 cm2/s. Consequently, within one minute the Fe diffuses through the 
whole 200 µm Si-wafer. About 30 Fe complexes are known and about 20 states in the band gap 
of Si can be formed by Fe. [158, 159] Ionized Fe, for example, can form pairs with B due to 
Coulomb interaction. Interstitial Fe is a donor in the ionized state and B an acceptor. These Fe-
B pairs can exist at room temperature and form a deep level in the band gap [160]. Due to metal 
impurities the conventional solar cell processing of the emitter fabrication by diffusion of the 
doping element is not recommended for SoG mc-Si. 
The influence of different thermal treatments on the diffusion of iron and the optoelectronic 
properties of metal contaminated Si wafers were investigated by means of RBS, RS and SPV. 
It will be shown that the implanted P is electrically activated and the defects introduced into Si 
during ion implantation are removed while metal impurities are kept far away from the p-n 
junction region. The effect of H co-implanted with P on the redistribution of Fe will be 
analyzed. The sc-Si material was implanted with 2x1015 Fe+/cm2 at 120 keV and 
2.5x1015 P+/cm2 at 20 keV. Subsequently, the samples are processed by FLA (400 °C / 3 min + 
1100 °C / 3 ms or 20 ms), RTA (1000 °C / 30 s) or FA (900 °C / 30 min).  
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Figure 6.24: Fe concentration of (a) only Fe and (b) Fe and P implanted samples. 
The RBS results in Figure 6.24 show a Gaussian Fe distribution from the surface up to a depth 
of ~200 nm in the as implanted state. In Figure 6.24 (a) it is shown that with increasing thermal 
budget more Fe diffuses to the Si surface. After annealing for 3 ms no Fe diffusion occurs and 
after 20 ms FLA the Fe diffuses only approximately 25 nm towards the surface. In contrast, 
after RTA and especially FA most of the Fe diffused to the surface of the Si sample. Almost all 
of the Fe accumulates at the surface. As expected the Fe concentration for as implanted sample 
in (a) and (b) show no differences. For the additional P implanted samples after FA the Fe peak 
is broader. However, compared to the only Fe implanted samples the maximum concentration 
is smaller, due to the reduced diffusion. Thus, with increasing thermal budget more Fe diffuses 
towards the surface, but less pronounced than for only Fe implanted Si. This can be explained 
by the gettering effect of P, described in chapter 1.4.1. After long-term treatment the Fe is 
trapped in the p-n junction region (with Rp ~43 nm), where it destroys the PV effect, as shown 
in the SPV measurement. It could be shown that during FLA the Fe diffusion is suppressed. 
The above mentioned results were verified by cross section TEM investigation. In Figure 6.25 
the TEM micrographs of Fe implanted sc-Si sample without (a) or with (b) P implantation (PIII) 
and subsequently FLA treated (400 °C for 3 min + 1100 °C for 20 ms) are shown. 











Figure 6.25: TEM micrograph of Fe implanted sc-Si sample without (a) and with (b) P 
implantation (PIII), preheated at 400 °C for 3 min and annealed at 1100 °C for 20 ms.  
During the TEM preparation of the sample shown in Figure 6.25 (b) a SixNy layer was deposited 
on the surface. This layer does not influence the results of the TEM investigation and was not 
used during implantation and annealing. For the only Fe implanted samples there is a band of 
Fe-clusters in a depth of about 70 nm (Figure 6.25 (a)). The additional P implantation leads to 
a more homogenous distribution of the Fe clusters in the implanted layer with a maximum in 
the depth of the Rp (Figure 6.25 (b)). These results confirm the RBS measurements shown in 






Figure 6.26: TEM micrograph of Fe implanted sc-Si sample without (a) and with (b) P (PIII), 
preheated at 600 °C for 3 min and annealed at 1100 °C for 20 ms. 
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For comparison the TEM images of samples prepared with the same parameters, but preheated 
at 600 °C for 3 min are presented in Figure 6.26. By comparing the Figures 6.26 (a) and (b) it 
is obvious that the diffusion of Fe is reduced by P gettering. Nevertheless, the thermal budget 
with a preheating of 600 °C for 3 min is too high for the LTB process and Fe strongly diffuses. 
With these investigation, it could be verified that temperatures higher than 400 °C for longer 
times of several minutes should be avoided. This confirms the RS and PL results shown in 
chapter 6.1. 
Further investigation were done with RS. The Raman spectra obtained form only Fe and Fe co-
implanted with P do not show significant differences which indicate a similar recrystallization 
behavior during annealing. Therefore, only the Fe implanted (no P) samples are shown in Figure 
6.27. 
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Figure 6.27: RS of only Fe implanted samples annealed at different conditions. 
Obviously, the broad band at 460 cm-1 shows that after FLA a part of the surface is still 
amorphous. However, taking the peaks of c-Si at 520 cm-1 and 300 cm-1 into account the main 
part of the implanted layer is crystalline. Samples with long-term treatment are fully 
recrystallized. Even if a Fe peak concentration of 1x1020 cm-3 was implanted, only a limited 
concentration can be interstitially solved in Si. This concentration is given by the solid solubility 
SFe [158]: 




� = . � 5� − �� (− .  ��� ). (6.03) 
At 900 °C SFe corresponds to 4.4x10
13 cm-3, at 1000 °C to 4.0x1014 cm-3 and at 1100 °C to 
2.7x1015 cm-3. In all three cases the implanted peak concentration of 1x1020 cm-3 is higher than 
the solid solubility which is the reason for the formation of β-FeSi2 (Raman line at ~247 cm-1 
[161]) during long-term treatments. The β-FeSi2 is stable at room temperature, but is formed 
due to the diffusion of interstitial Fe. For FLA treated samples the Raman line at 247 cm-1 does 
not exist which means that Fe diffusion is insufficient to form β-FeSi2. According to the RBS 
the diffusion of metallic impurities during FLA is suppressed.  














Figure 6.28: SPV measurements of Fe implanted samples which were annealed at different 
conditions. 
The SPV investigation shown in Figure 6.28 verify the RBS, TEM and RS results. In Figure 
6.28 the LD of samples implanted with Fe and after annealing at different conditions is shown. 
According to RBS, TEM and RS measurements Fe begins to diffuse and forms β-FeSi2 
complexes during long-term treatments which causes additional states in the Si band gap (traps 
for minority charge carriers) and reduces the LD significantly. Conversely, after FLA the LD is 
higher than 150 µm because the diffusion of Fe is reduced.  
With RBS, TEM, RS and SPV it was proven that due the annealing in the millisecond range, it 
is possible to activate P and recrystallize Si while suppressing the diffusion and activation of 




the metal impurities (Fe) which increases LD. Additionally, it is possible to introduce H for 
surface passivation using PIII for P doping.  
Finally, it has to be shown that it is possible to fabricate a Si solar cell with PIII and subsequent 
FLA. A first approach is demonstrated in the next chapter. 
6.4 Contact formation 
In chapters 6.1 - 6.3 it could be shown that it is possible to reduce the thermal budget and 
increase LD due to H passivation for Si solar cell fabrication.  
 
1. P doping by PIII. 
B doped sc-Si substrate 
 
 
2. Sputtering of front contact (Ag, Au, Ni or others metals). 
 






4. Al deposition for back contact. 
 
5. FLA causes:  
(i) formation of ohmic contacts between front metal and 
n-type Si,  
(ii) activation of P and recrystallization of Si,  
(iii) Formation BSF + ohmic contact between Al and Si.   
Figure 6.29: The scheme of the LTB process. 




This chapter deals with the first pilot test of a Si solar cell fabricated using the LTB process. 
First, the B-doped sc-Si substrate was implanted with 2x1015 P+/cm2 by PIII using an 
implantation voltage 20 kV. The front metal contact of the LTB process is formed by sputtering. 
Therefore, the metal contact has to be deposited and not as usual the ARL, otherwise it is not 
possible to get an ohmic contact to the heavily P doped layer. For the front metal contact Ni 
was used because of its good electrical conductivity of 14x106 AV-1m-1 and its face-centered 
cubic structure, like silver (61x106 AV-1m-1). Silver is used in standard Si solar cell process for 
the front contact formation. The back contact is formed by an Al layer (used in conventional 
and LTB process). Afterwards, the samples were subjected to FLA. Thus, the P is activated, an 
ohmic contact between Ni and P layer as well as Al and B doped Si is formed and Al diffuses 
into the Si matrix (BSF formation). In table 6.01 the thickness of the substrate and processed 
layers are given. The LTB process is shown in Figure 6.29. 
In the following subchapters the microstructure of the ARL is investigated with light optical 
microscopy and the BSF with TEM and AES (Auger Electron Spectroscopy). Afterwards, 
typical solar cell parameters, like the LD, IQE, and I-V-curve are discussed. 
Table 6.01: Substrate and layer thickness. 
Material Function Thickness 
SiO2 ARL + Passivation 120 nm 
Ni  Front side contact 140 nm 
P p-n junction  30 nm (80 – 100 nm distribution) 
Si Bulk material: (100) orientated ~275 µm 
Al Back side contact 50 nm - 500 nm 
6.4.1 Antireflection layer 
It was shown that SixNy (70 nm) is not useful for the LTB process (Figure 6.30). All pictures 
show a characteristic bacilli-like structure. There are no significant differences between the 
samples before and after implantation and for the uncapped samples before and after FLA. The 
only significant difference is found for the SixNy capped samples. Before FLA the capped 
samples (c) are smoother than the uncapped ones (a, b) due to the SixNy layer deposition. 
However, after FLA the capping layer (f) has some small grain-like structures with a typical 




lateral dimension of a few micrometers. The excess H in the sample forms gas bubbles which 







Figure 6.30: Light Optical Microscopy of virgin (a) as well of implanted uncapped (b) and 
capped (70 nm SixNy) (c) samples before and after annealing ((d), (e), (f)). 
In order to avoid the peeling-off of the SixNy-layer a higher preheating temperature could be 
used. This would improve the stability at the Si/SixNy interface. However, the aim is to avoid 
temperature above 500 °C for longer durations (second – minute range). Instead of a 70 nm 
SixNy layer a 120 nm SiO2 layer was used for further investigation, because of its less H content.  
6.4.2 Back surface formation 
In Figure 6.31 the AES results of sc-Si samples with 50 nm and 200 nm thick Al layers which 
are treated by FLA at 400 °C for 3 min + 1200 °C for 20 ms are shown. The layer thickness of 
50 nm and 200 nm is chosen to get only a thin Al layer for the back contact. In the present case 
the depth distribution of Al and Si was analyzed by AES. The sputtering rate for the 50 nm Al 
layer was 0.2 nm/s and for the 200 nm Al layer 0.3 nm/s.  
In Figure 6.31 (a) the investigation of a 50 nm Al layer deposited on a Si wafer after FLA 
treatment is shown. A Si-Al layer is formed, where the concentration of Si is higher than Al. 
Obviously, all Al is diffused into Si. At a depth of 200 nm it seems that the Al concentration is 
approximately zero. But there can still be some Al, it is only below the detection limit of 
(a)                           (b)                            (c)  
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approximately 0.5 at.%. Thus, 50 nm Al is not sufficient, because the Al diffused into the Si 
and there is no continuous Al layer at the Si backside left. 
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Figure 6.31: AES depth profiling of the Al layers with 50 (a) and 200 nm (b) after FLA. 
In comparison to this, the profiles in Figure 6.31 (b) clearly show the diffusion of Al into the Si 
substrate during the millisecond thermal treatment. Obviously, at a depth of approximately 
50 nm the Al concentration decreases and the Si signal starts to increase. The Al concentration 
is higher than the Si concentration. At a depth of about 175 nm the Si concentration becomes 
higher than the Al concentration. According to the AES an Al-Si matrix equal to the industrial 
production is formed. 
For a better and deeper Al diffusion, next investigation are done with a 500 nm thick Al layer. 
Additionally, for a higher depth resolution, planar sc-Si material was taken. In Figure 6.32 a 
bright field TEM micrograph of this sample treated at 400 °C for 3 min + 1200 °C for 20 ms is 
shown. It is evident from the image that after FLA the thickness of the Al rich region increases 
from 500 nm to 650 nm.  
 
 









Figure 6.32: Bright field TEM micrograph of the Si sample covered with 500 nm Al after 
FLA. 
To get more information of the Al-Si-interface the energy-dispersive X-ray spectroscopy 
(EDX) was used. In Figure 6.33(a) the EDX spectra of the Si:Al-interface is shown. It is not 
possible to get information about the Al and Si concentration, because there are too less counts. 
More counts would be necessary, but with increasing counts, a thermal drift of the samples 
occurs. The TEM micrograph in Figure 6.33 (b) is a part of the sample shown in Figure 6.32.  
























Figure 6.33: (a) EDX spectra of the Si sample covered with 500 nm Al after FLA 
(400 °C / 3 min + 1200 °C / 20 ms) and (b) dark field TEM micrograph of the analyzed area. 
650 nm Al 
Si 
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According to the EDX a Al:Si matrix is formed at the surface which verifies the AES spectra 
in Figure 6.33 (b). The second measuring point shows only Al. It does not mean that no Si is 
incorporated into the Al, but the amount of Si is too low to be detected with EDX. The last layer 
shows only Si. The Al:Si matrix with BSF ends there and the Si crystal starts. During the 
industrial process a Al:Si matrix is formed followed by the BSF, where Al is incorporated in 
Si. In contrast the EDX spectra show the formation of an Al layer between the Al:Si matrix and 
the Si substrate. During the first 5 ms of the 20 ms the temperature increases to 1200 °C. The 
Al is molten and diffuses into Si and the Si diffuses into Al. As quick as the sample is heated 
up, it cools down again. During this fast cooling the Si is kicked out of the Al and diffuses to 
the surface, because at temperature below 577 °C (eutectic point) the solubility of Si in Al is 
less than 1.6 wt.%. Thus, an Al and Si layer exchange process lead to the three regions shown 
in the EDX spectra, as it is observed at low thermal budget processes by Nast [162].  
It is evident that it is possible to get an operational back side contact with BSF after FLA. In 
the following subchapter the investigation of the pilot LTB solar cell are presented. 
6.4.3 Electrical and optical characterization 
Finally, the pilot LTB solar cells based on planar sc-Si (size: 2.5 x 2.5 cm².) are produced. First, 
the p-n junction was formed with PIII using a fluence of 2x1015 cm-2 at 20 keV. Subsequently, 
140 nm thick Ni contacts as well as 500 nm thick Al layer are deposited at the front and back 
side, respectively. Afterwards, the SiO2 layer (120 nm) is deposited by PECVD. One sample is 
preheated at 400 °C for 3 min and the other at 500 °C for 3 min. Both were annealed at 1200 °C 
for 20 ms and are characterized by SPV, LBIC and Sun Simulator.  
In Figure 6.34 the LD mapping by SPV of the above mentioned samples are presented. The 
sample with a preheating temperature of 400 °C has an average LD of 162 µm and the sample 
preheated at 500 °C of 151 µm. Red parts in the mappings are local spikes, due to the 


















   
Figure 6.34: LD mapping by SPV of LTB sc-Si solar cells (2.5 x 2.5 cm
2) which are 
processed at preheating temperatures of 400 °C and 500 °C. 
It seems that a higher preheating temperature activates more metallic impurities which act as 
traps for the charge carriers, thus, LD decreases. The differences between both samples are 
smaller than 7 % and therefore, within the accuracy of the SPV measurement. For these samples 
the LD should be higher than 100 µm which is high enough to allow the carries to diffuse up to 
the electrodes for the current generation. In both cases this requirement is fulfilled. 







   
Figure 6.35: IQE mapping by LBIC of LTB sc-Si solar cells (2.5 x 2.5 cm2) which are 
processed at preheating temperatures of 400 °C and 500 °C. 
In Figure 6.35 the IQE mappings of the LBIC investigation are shown. The blue stripes are the 
structure of the metallization and the blue edges are apart the samples. Those parts are not 
considered in the average IQE. The sample with a preheating temperature of 400 °C shows an 
average IQE of 55 % and at 500 °C of 70 %. The difference could be caused by the contact 




resistance or charge carrier recombination at the surface and within the bulk. According to the 
LBIC measurement the reflection factor of the 400 °C preheated sample is 17 % and of 500 °C 
preheated sample 11 % in maximum.  
Additional measurements with the Sun Simulator at an illumination density of 1000 W/m2 are 
shown in Figure 6.36.  
















Figure 6.36: I-V-curves of LTB sc-Si solar cells with a preheating temperature of 400 °C and 
500 °C. 
By analyzing Figure 6.36 it is shown that it is possible to produce Si solar cells with the LTB 
process. Additionally, in Table 6.02 the results calculated from the I-V-curves are summarized.  
Table 6.02: Parameters calculated from the Sun Simulator measurements (area: 1 x 1 cm²). 
Parameter 400 °C / 3 min + 1200 °C / 20 ms 500 °C / 3 min + 1200 °C / 20 ms 
Voc 0.50 V 0.50 V 
Isc 0.04 A 0.03 A 
Pmax 7.83 mW 6.19 mW 
FF 37.45 % 44.65 % 
η 7.83 % 6.19 % 
Rs 5.65 Ω 7.02 Ω 
Rsh 48.λ8 Ω 224 Ω 




Surprisingly, the first pilot samples show an η of 6 – 8 %. This is really high for a not optimized 
process. With some improvements higher η may be reached, like they are common in the 
commercial standard Si solar cell processes. The sample preheated at 400 °C shows the better 
Pmax, η and Rs. Higher FF and Rsh are measured at the sample preheated at 500 °C. 
Summary and discussion of the contact formation 
The pilot LTB solar cells based on planar sc-Si are produced (Figure 6.37) with a P doping for 
the p-n junction, Ni front and Al back side contacts. SiO2 was deposited as ARL. Subsequently, 
the samples were annealed at 1200 °C for 20 ms. According to previous results only the 
preheating temperature was varied. One solar cell is preheated at 400 °C for 3min and the other 
at 500 °C.  
 
Figure 6.37: Photograph of first 2.5 x 2.5 cm2 LTB sc-Si solar cell. The “white stripes” are 
the front side contacts made of 140 nm Ni. 
The average LD is in both cases higher than 150 µm. For the sample preheated at 500 °C better 
IQE (70 %), Rsh (224 Ω) and FF (45 %) are obtained. In comparison to that the sample preheated 
at 400 °C has an IQE of 55 %, Rsh of 4λ Ω and FF of 37 %. These more promising results 
obtained for the higher preheating temperature is due to the better contact of the deposited ARL 
to the Si surface which influences the reflection factor. According to the LBIC the reflection 
factor of the 400 °C preheated sample is 17 % and of the 500 °C preheated sample 11 % in 
maximum. Additionally, with the slightly higher temperature the Al on the back side diffuses 
easier and therefore, a better BSF is formed. Both reason lead to a reduced surface 
recombination at the front and back side. Thus, higher IQE, Rsh and FF are reached. 
Nevertheless, high temperature for long time should be avoided, not only due to the activation 




of metallic impurities, but also because of the Ni contacts on the front side. At 400 °C the 
diffusion of Ni into the Si is high enough to get good ohmic contact, however, with rising 
temperature the diffusion increases too. With a preheating of 500 °C the diffusion of Ni is too 
deep (through the p-n junction) whereby the Pmax is reduced and the Rs increased. This leads to 
a reduction of the η. 
It is worth to point out that the measurements were performed on not optimized solar cells. It 
could be shown that it is possible to fabricate Si solar cells with the LTB process. Up to now 
the LTB process provides the P activation, Si recrystallization, BSF and ohmic contact 
formation.  




7 Overview of the achieved results  
The aim of this thesis was the development and characterization of a Low Thermal Budget 
process for the manufacturing of solar cells optimized for solar grade multi-crystalline silicon. 
In this context, the long-term and high-temperature treatment present in the common process, 
like phosphorous diffusion and the co-firing process after screen printing of a solar cell 
manufacture are replaced by Low Thermal Budget steps. Solar grade multi-crystalline silicon 
is usually less temperature stable and contains rather high concentrations of transition metal 
impurities. The diffusion and activation of such impurities into the space-charge region should 
be suppressed or restricted. In terms of economic and ecological improvements a process which 
requires a lower thermal budget also reduces energy costs and causes less environmental 
pollution. 
The main goals were:  
1.) to identify the optimal flash lamp annealing parameters for recrystallization of 
implanted phosphorous, 
2.) to characterize the passivation behavior of hydrogen introduced during plasma 
immersion ion implantation, 
3.) to investigate the influence of plasma immersion ion implantation and flash lamp 
annealing on implanted iron, and 
4.) to fabricate and characterize the pilot test of Low Thermal Budget produced single-
crystalline silicon solar cells. 
Optimal flash lamp annealing parameters for the recrystallization of implanted phosphorous 
It is shown that flash lamp annealing at 800 °C for 20 ms is not sufficient. At 800 °C the 
epitaxial regrowth of the implanted layer needs approximately 100 ms, therefore, 20 ms is too 
short for recrystallization of the amorphous layer after phosphorous implantation. In 
comparison to it flash lamp annealing at 1000 °C for 3 ms is sufficient to recrystallize multi-
crystalline silicon and activate the implanted phosphorous. Furthermore, investigation with 
Surface Photo-Voltage on virgin multi-crystalline silicon material confirm that 400 °C for 3 min 




are optimal preheating parameters. The preheating is necessary to heat up the wafer uniformly 
and thus, to minimize the mechanical stress. 
With the increasing density of grain boundaries in multi-crystalline silicon material more traps 
for the charge carriers exist which reduces the average diffusion length of minority charge 
carriers. Thus, for useful comparison it had to be ensured that always samples with a similar 
grain size are used. 
Passivation behavior of hydrogen introduced during plasma immersion ion implantation 
The simultaneous implantation of phosphorous and hydrogen by plasma immersion ion 
implantation for doping and introduction of a passivation agent in one step was investigated. 
During subsequent flash lamp annealing phosphorous was activated and hydrogen passivates 
the defects in the silicon matrix caused by the implantation process.  
The hydrogen concentration introduced by plasma immersion ion implantation did not change 
significantly in the samples during flash lamp annealing in forming gas atmosphere. Forming 
gas contains 5 % hydrogen which hampers the hydrogen loss by reducing the hydrogen 
concentration gradient during flash lamp annealing. Thus, the average diffusion length of flash 
lamp annealed samples is more than one order of magnitude higher compared to long-term 
treated (furnace or rapid thermal annealing) samples.  
Influence of plasma immersion ion implantation and flash lamp annealing on implanted iron 
By means of Rutherford Backscattering Spectrometry, Transmission Electron Microscopy, 
Raman Spectroscopy and Surface Photo-Voltage it was shown that with flash lamp annealing 
it is possible to activate phosphorous and recrystallize silicon while the diffusion and activation 
of iron is nearly completely suppressed. For the long-term treatments this is not the case. 
Characterization of the pilot test of Low Thermal Budget produced single-crystalline silicon 
solar cells 
During these investigation it was shown that a silicon nitride anti-refection layer is not useful 
for the Low Thermal Budget process. After flash lamp annealing the excess hydrogen in the 
sample rapidly expands as gas bubbles and provokes a partial peel-off of the capping layer. 
Therefore, alternative anti-reflective layers (in this thesis silicon dioxide) or cheaper and more 




efficient deposition techniques disregarding their hydrogen content can be used. It allows for a 
more flexible design of advanced next generation solar cells.  
After the deposition of aluminum and subsequent flash lamp annealing it could be verified that 
aluminum diffuses and forms an operational back side contact with back surface field.  
First test Low Thermal Budget solar cells based on planar single-crystalline silicon with a 
phosphorous doping to form the p-n junction, silicon dioxide as anti-reflection layer, nickel for 
front and aluminum for back side contacts are processed and characterized. It could be shown 
that it is possible to fabricate silicon solar cells with the Low Thermal Budget process having 
efficiencies of 7.8 % even without optimization. 
Conventional  Low Thermal Budget 
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POCl3 deposition  PIII Implantation 
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P diffusion  Front contact formation 
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Front contact formation  FLA 
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Figure 7.01: Conventional featuring Low Thermal Budget process. Refer to the text for the 
explanation of the colored boxes. 
Using plasma immersion ion implantation for phosphorous doping and additional hydrogen 
introduction combined with optimal flash lamp annealing parameters gave promising results 
for the application in Low Thermal Budget silicon solar cells. A direct comparison of the 




conventional and Low Thermal Budget process is given in Figure 7.01. Equal process steps are 
indicated by the green boxes. The blue boxes indicate the process steps which are replaced by 
new ones. And finally, the process steps in the red boxes are not necessary anymore in the Low 
Thermal Budget process. It could be shown that it is possible to replace the conventional 
phosphoroxychlorid deposition and diffusion which offers desirable possibilities in terms of 
cost reduction because of high throughput while saving energy costs. The Low Thermal Budget 
concept of solar cell production allows reducing the number of fabrication steps by two 
(phosphorous silicate glass etching and edge isolation – see Figure 7.01 red boxes). 
Additionally, fewer chemicals are used which makes the solar cells more environmentally 
friendly. Metal impurities stay inactivated in the bulk material during flash lamp annealing and 
in-situ defects and grain boundaries are passivated by hydrogen. The combination of cheaper 
raw material, higher throughput, reduced energy consumption and less process steps has the 
potential to significantly reduce the cost per watt in the solar cell production. 
It is worth to point out that the measurements were performed on not optimized solar cells. 
Optimization of the Low Thermal Budget silicon solar cell can be done by the use of texturized 
wafers, to improve the absorption and advanced front contacts for a better current collection. 
Hereby, nickel diffusion and optimized grid finger distances as well as sizes have to be 





I  References 
 
[1]  Bundesministerium für Wirtschaft und Energie, 
http://www.bmwi.de/DE/Themen/Energie/Stromversorgungssicherheit-und-
Kraftwerke/zahlen-fakten.html, (2014).  
[2]  K. Ohdaira, T. Fujiwara, Y. Endo, K. Shiba, H. Takemoto and H. Matsumura, Jpn. J. 
Appl. Phys. 49, (2010) 04DP04.  
[3]  H. Watanabe, H. Miki, S. Sugai, K. Kawasaki and T. Kioka, Jpn. J. Appl. Phys. 33, 
(1994) 4491-4498.  
[4]  A. Suboundji, T. Mohammed-Brahim, G. Andra, J. Bergmann and F. Falk, J. Non-Cryst. 
Solids 338-340, (2004) 758-761.  
[5]  N. K. Mudugamuwa, A. Adikaari, D. Dissanayake, V. Stolojan and S. Silva, Sol. Energy 
Mater. Sol. Cells 92, (2008) 1378-1381.  
[6]  K. Krockert, Testprozesse zur Untersuchung von Solarzellen-Grundmaterial, 
Diplomarbeit: TU Bergakademie Freiberg, 2008.  
[7]  T. Baldauf, Herstellung und Charakterisierung von ionenimplantierten Solarzellen aus, 
Diplomarbeit: TU Bergakademie Freiberg, 2008.  
[8]  S. Prucnal, B. Abendroth, K. Krockert, K. König, D. Henke, A. Kolitsch, H. J. Möller 
and W. Skorupa, J. Appl. Phys. 111, (2012) 123104.  
[9]  S. Prucnal, T. Schumann, W. Skorupa, B. Abendroth, K. Krockert and H. J. Möller, Acta 
Physica Polonica A 120, (2011) 30-34.  
[10]  J. Benic, N. Bateman and M. Hermle, Proc. 25th PVSEC, (2010).  
[11]  A. Rohatgi, D. L. Meier, B. McPherson, Y.-W. Ok, A. D. Upadhyaya, J.-H. Lai and F. 
Zimbardi, Energy Procedia 15, (2012) 10-19.  
[12]  B. Pe´cz, L. Dobos, D. Panknin, W. Skorupa, C. Lioutas and N. Vouroutzis, Appl. Surf. 
Sci. 242, (2005) 185-189.  
[13]  W. Skorupa, T. Gebel, R. A. Yankov, S. Paul, W. Lerch, D. F. Downey and E. A. 
Arevalo, J. Electrochem. Soc. 152, (2005) G436-G440.  
[14]  I. Pe´richauda, S. Martinuzzia, J. Degoulangeb and C. Trassy, Mater. Sci. Eng. 159-





[15]  F. Terai, S. Matunaka, A. Tauchi, C. Ichimura, T. Nagatomo and T. Homma, J. 
Electrochem. Soc. 153, (2006) H147-H150.  
[16]  C. H. Poon, A. See, Y. Tan, M. Zhou and D. Gui, J. Electrochem. Soc. 155, (2008) H59-
H63.  
[17]  W. Anwand, S. Z. Xiong, C. Y. Wu, T. Gebel, T. Schumann, G. Brauer and W. Skorupa, 
Acta Phys. Pol. A 113, (2008) 1273-1278.  
[18]  S. Govindaraju, C.-L. Shih, P. Ramanarayanan, Y.-H. Lin and K. Knutson, ECS Trans. 
28, (2010) 81-90.  
[19]  A. E. Becquerel, CR 9, (1839) 561.  
[20]  W. G. Adams and R. E. Day, Proc. R. Soc. London, Ser. A25, (1877) 113.  
[21]  A. Einstein, Ann. Phys. 17, (1905) 132-148.  
[22]  A. Goetzberger, B. Voß and J. Knobloch, Sonnenenergie – Photovoltaik, B.G. Teubner 
Stuttgart, 1994.  
[23]  H. Nagel, Analyse und Reduktion der optischen und elektrischen Verluste in 
multikristallinen Silizium-Solarzellen, Dissertation: Universität Hanover, 2002.  
[24]  J. Czochralski, Z. Phys. Chem. (München) 92, (1918) 219-221.  
[25]  R. S. Ohl, http://www.aip.org/history/ohilist/4804_1.html, Oral History Transcript.  
[26]  R. S. Ohl, http://www.aip.org/history/ohilist/4804_2.html, Oral History Transcript.  
[27]  J. M. Moll, William Bradford Shockley 1910-1989, National Academies Press, 
Washington D.C..  
[28]  H.-J. Lewerenz and H. Jungblut, Photovoltaik – Grundlagen und Anwendungen, 
Springer Verlag 1995.  
[29]  R. Gööck, Die großen Erfindungen: Wind - Wasser - Dampf - Sonne, Sigloch Edition, 
1989.  
[30]  D. M. Chapin, C. S. Fuller and G. L. Pearson, J. Appl. Phys. 25, (1954) 676.  
[31]  D. Sonntag, RGS- und Tri-Silizium: Alternative Wafermaterialien für die Photovoltaik, 
Dissertation: Universität Konstanz, 2004.  
[32]  T. Mishima, M. Taguchi, H. Sakata and E. Maruyama, Sol. Energy Mater. Sol. Cells 95-





[33]  M. Taguchi, M. Tnaka, T. Matsuyama, T. Matsuoka, S. Tsuda, S. Nakanao, Y. Kishi and 
Y. Kuwano, Proc. 5th PVSEC, (1990) 689.  
[34]  T. Takahama, M. Taguchi, S. Kuroda, T. Matsuyama, M. Tanaka, S. Tsuda, S. Nakano 
and Y. Kuwano, Proc. 11th PVSEC, (1992) 1061.  
[35]  S. M. Sze, Physics of Semicoductor Devices, Wiley & Sons 1981.  
[36]  R. Müller, Grundlagen der Halbleiter-Elektronik, Springer-Verlag, 1987.  
[37]  J. G. Fossum, IEEE Trans. Electron Devices 24, (1977) 322-325.  
[38]  P. Würfel, Physics of Solar Cells, Wiley-VCH, 2005.  
[39]  W. Shockley and H. J. Queisser, J. Appl. Phys. 32, (1961) 510-519.  
[40]  R. M. Swanson, Proc. 31th PVSEC, (2005).  
[41]  D. Meissner, Solarzellen – Physikalische Grundlagen und Anwedungen in der 
Photovoltaik, Vieweg 1993.  
[42]  D. K. Schroder, Semiconductor Material and Device Characterization, Wiley & Sons 
2006.  
[43]  P. Auger, CR 180, (1925) 65.  
[44]  P. Auger, J. Phys. Radium 6, (1925) 205-208.  
[45]  P. Auger, L'effet photoélectrique, Dissertation: Universität Paris, 1926.  
[46]  W. Shockley and W. T. Read, Phys. Rev. 87, (1952) 835.  
[47]  R. N. Hall, Phys. Rev. 87, (1952) 387.  
[48]  K. K. Smith, Thin Solid Films 84, (1981) 171-182.  
[49]  T. Buonassisi, A. A. Istratov, M. A. Marcus, B. Lai, Z. Cai, H. S. M. and E. R. Weber, 
Nat. Mater. 4, (2005) 676-679.  
[50]  S. De Iuliis and B. Geerligs, Proc. Natl. Acad. Sci. U.S.A., (2007) 298.  
[51]  Y.-T. Cheng, J.-J. Ho, W. J. Lee, S.-Y. Tsai, Y.-A. Lu, J.-J. Liou, S.-H. Chang and K. 





[52]  R. Einhaus, F. Duerinckx, E. Van Kerschaver, J. Szlufcik, F. Durand, P. J. Ribeyron, J. 
C. Duby, D. Sartic, G. Goaer, G. N. Le, I. Pe´richaud, L. Clerc and S. Martinuzzi, Mater. 
Sci. Eng., B 58, (1999) 81-85.  
[53]  H. F. W. Dekkers, S. De Wolf, G. Agostinelli, F. Duerinckx and G. Beaucarne, Sol. 
Energy Mater. Sol. Cells 90, (2006) 3244-3250.  
[54]  B. Herzog, G. Hahn, M. Hofmann, I. G. Romijn and A. W. Weber, Proc. 23rd PVSEC, 
(2008) 1863-1866.  
[55]  A. Slaoui, E. Pihan, I. Ka, N. A. Mbow, S. Roques and J. M. Koebel, Sol. Energy Mater. 
Sol. Cells 90, (2006) 2087-2098.  
[56]  H. Kikyuama, N. Miki, K. Saka and J. Takano, IEEE T Semicontuct M Vol. 4 No. I, 
(1991).  
[57]  E. Riedel, Allgemeine und anorganische Chemie, de Gruyter, 2010.  
[58]  W. Kern and D. A. Puotinen, RCA Review 31, (1970) 187-206.  
[59]  K. R. Williams, K. Gupta and M. Wasilik, J. Microelectromech. Syst. 12, (2003) 761-
778.  
[60]  H. Ryssel, Ionenimplantation, AVG Leipzig, 1978.  
[61]  G. Hahn, RGS-Silizium Materialanalyse und Solarzellenprozessierung, Dissertation: 
Universität Konstanz, 1999.  
[62]  A. Hauser, Die kristalline Siliziumsolarzelle - Untersuchung der Einzelprozesse und 
Entwicklung von Alternativen, Hartung-Gorre Verlag Konstanz, 2006.  
[63]  B. Bazer-Bachi, G. Kulushich, T. Takahashi, H. Iida, Z.-G. R. and J. H. Werner, Energy 
Procedia 27, (2012) 531-536.  
[64]  D. Biro, Durchlaufdiffusion für die Phtotvoltaik, Dissertation: Albert-Ludwigs 
Universität Freiburg im Breisgau, 2003.  
[65]  F. A. Trumbore, Bell Syst. Tech. J. 39, (1960) 205.  
[66]  E. Kooi, J. Electrochem. Soc. 111, (1964) 1383.  
[67]  T. Brammer and U. Zatrow, Proc. 17th PVSEC, (2001) 1842-1845.  
[68]  W. Schröter, M. Seibt and D. Gilles, High temperture properties of 3d transitionselemnts 





[69]  U. M. Gösele and T. Y. Yan, Equilibia, nonequilibira, diffusion, and percipitaion, in 
Electronic structure and properties of semiconductors, VHC, 1991.  
[70]  A. Cueves, Appl. Phys. Lett. 70, (1997) 1017.  
[71]  S. Narayanan, S. R. Wenam and M. A. Green, Appl. Phys. Lett. 48, (1986) 873.  
[72]  A. Ourmazd and W. Schröter, Appl. Phys. Lett. 45, (1984) 781.  
[73]  W. Schröter and R. Kühnapfel, Appl. Phys. Lett 56, (1990) 2207.  
[74]  J. S. Kang and S. D. K., J. Appl. Phys. 65, (1989) 2974.  
[75]  D. Franke, WCPEC-3, (2003) 1344-1347.  
[76]  M. Nastasi and J. W. Mayer, Ion Implantation and Synthesis of Materials, Springer-
Verlag, 2006.  
[77]  J. W. Mayer, L. Erikson and J. A. Davies, Ion Implantation in Semiconductors, New 
York 1970.  
[78]  E. Rimini, Ion Implantation: Basics to device fabrication, Kluwer Academic Publisher, 
1995.  
[79]  N. Bohr, Phil. Mag. 25, (1913) 10.  
[80]  N. Bohr, Phil. Mag 30, (1915) 581.  
[81]  H. Bethe, Ann. Phys. 5, (1930) 325.  
[82]  H. Bethe, Z. Phys. 76, (1932) 293.  
[83]  F. Bloch, Z. Phys. 81, (1933) 363.  
[84]  H. Bethe and M. S. Livingstone, Rev. Mod. Phys. 9, (1937) 265.  
[85]  A. Anders, Handbook of Plasma Immersion Ion Implantation and Deposition, Wiley-
VCH, 2004.  
[86]  N. Q. Khanh, I. D. C. Pinter, M. Adam, E. Szilagyi, I. Barsony, M. A. El-Sherbiny and 
J. Gyulai, Nucl. Instrum. Methods Phys. Res. B112, (1996) 259-262.  
[87]  M. Binnewies, Allgemeine und Anorganische Chemie. 2. Auflage, Spektrum, 2010, 511. 
[88]  P. G. Urban and M. J. Pitt, Bretherick's Handbook of Reactive Chemical Hazards, 6th 





[89]  K. Chen, G. J. Ra, Y. Shao, G. Mo, S. Lichtenthal and J. Blake, Int. Conf. Ion Implant. 
Technol., 12th, (1998) 1218-1221.  
[90]  S. Solmi, A. Parisini, R. Angelucci, A. Armigliato, D. Nobili and L. Moro, Phys. Rev. 
B: Condens. Matter 53 (12), (1996) 7836-7841.  
[91]  G. Hellings, C. Wündisch, G. Eneman, E. Simoen, T. Clarysse, M. Meuris, W. 
Vandervorst, M. Posselt and K. De Meyer, Electrochem. Solid State Lett. 12, (2009) 
H41.  
[92]  A. Satta, E. Simoen, T. Janssens, T. Clarysse, B. De Jaeger, A. Benedetti, I. Hoflijk, B. 
Brijs, M. Meuris and W. Vandervorst, J. Electrochem. Soc. 153, (2006) G229.  
[93]  K.-H. Heinig, K. Hohmuth, R. Klabes, M. Voelskow and H. Woittennek, Radiat. Effects 
63, (1982) 115.  
[94]  A. Satta, A. D'Amore, E. Simoen, W. Anwand, W. Skorupa, T. Clarysse, B. Van Daele 
and T. Janssens, Nucl. Instrum. Methods Phys. Res. B 257, (2007) 157.  
[95]  J. C. Abrams, Patent: US4496475 A, 1985.  
[96]  J. Mandelkorn, J. Appl. Phys. 44, (1973) 4785.  
[97]  J. L. Murray and A. J. McAIister, The AI-Si (Aluminum-Silicon) System, National Bureau 
of Standards, 1984.  
[98]  O. Krause, P. Pilcher and H. Ryssel, J. Appl. Phys. 91, (2002) 5645-5649.  
[99]  P. Sana, A. Rohatgi and J. P. Kalejs, Appl. Phys. Lett. 64, (1994) 97 .  
[100] M. Appel, J. Appl. Phys. 76, (1994) 4432.  
[101] S. Joshi, U. Gösele and T. Tan, J. Appl. Phys. 77, (1995) 3858.  
[102] T. M. Bruton, 10th PVSEC, (1991).  
[103] L. A. Verhoef, Appl. Phys. Lett. 57, (1990) 2704.  
[104] R. Schindler and W. Warta, Phys. Stat. Sol. (b) 222, (2000) 389.  
[105] J. A. Amick, F. J. Bottari and J. I. Hanoka, J. Electrochm. Soc. 141, (1994) 1577.  
[106] M. P. Godlewski, C. R. Baraona and H. W. Brandhorst, 10th PVSEC, (1973).  





[108] H. Geng, Semiconductor Manufacturing Handbook, Mcgraw-Hill Professional, 2005.  
[109] C. V. Raman and K. K. S., Nature 121, (1928) 501-502.  
[110] A. M. Goodman, J. Appl. Phys 32, (1961) 2550-2552.  
[111] O. J. Anttila and S. K. Hahn, J. Appl. Phys. 74, (1993) 558.  
[112] A. Lawerenz, Untersuchung der Wechselwirkung von Sauerstoff und Versetzungen und 
deren Einfluß auf die Rekombination in multikristallinem Solar-Silicium, Dissertation: 
TU Bergakademie Freiberg, 2002.  
[113] S. Scholz, Kohlenstoff in EFG-Silizium: Verteilung und Einfluss auf die 
Rekombinationseigenschaften, Dissertation: TU Bergakademie Freiberg, 2008.  
[114] ASTM International, Standard Test Methods for Minority Carrier Diffusion Length in 
Extrinsic Semiconductors by Measurement of Steady-State Surface Photovoltage, F391-
96.  
[115] R. T. Swimm and K. A. Dumas, J. Appl. Phys. 53, (1982) 7502.  
[116] L. Kronik and Y. Shapira, Surf. Sci. Rep. 37, (1999) 1-206.  
[117] E. S. Nartowitz and A. M. Goodman, J. Electrochem. Soc. 132, (1985) 2292.  
[118] A. R. Moore, J. Appl. Phys. 54, (1983) 224.  
[119] D. K. Schroder, Meas. Sci. Technol. 12, (2001) 16-31.  
[120] J. Lagowski, A. M. Kontkiewicz, L. Jastrzebski and P. Edelman, Appl. Phys. Lett. 63, 
(1993) 2902.  
[121] T. Kaden, Elektrische Charakterisierung von n-dotiertem EFG-Silizium, Diplomarbeit: 
TU Bergakademie Freiberg, 2005.  
[122] E. Zinner, Scanning 3, (1980) 57-78.  
[123] M. Py, E. Saracco, J. F. Damlencourt, J. P. Barnes, J. M. Fabbri and J. M. Hartmann, 
Appl. Surf. Sci. 257, (2011) 9414.  
[124] E. Ishida and S. B. Felch, J. Vac. Sci. Technol. B14, (1996) 397-403.  
[125] S. B. Felch, S. M. Chapek, S. M. Malik, P. Maillot, E. Ishida and C. W. Magee, J. Vac. 
Sci. Technol. B14, (1996) 336-340.  





[127] J. H. Patterson, A. L. Turkevich and E. J. Franzgrote, J. Geophys. Res. 70, (1965) 1311-
1327.  
[128] J. F. Ziegler, Helium Stopping Powers and Ranges in All Elemental Matter, Pergamon 
Press, 1977.  
[129] L. Reimer and H. Kohl, Transmission electron microscopy, Springer New York, 2008.  
[130] D. B. Williams and C. B. Carter, The Transmission Electron Microscope, Springer 
Verlag, 1996.  
[131] J. Goldstein, Scanning Electron Microscopy and X-Ray Microanalysis, Springer Verlag, 
2003.  
[132] D. Briggs and M. P. Seah, Practical Surface Analysis by Auger and X-ray Photoelectron 
Spectroscopy, Wiley & Sons, 1983.  
[133] M. Rinio, Untersuchung der prozessabhängigen Ladungsträgerrekombination an 
Versetzungen in Siliziumsolarzellen, Dissertation: TU Bergakademie Freiberg, 2004.  
[134] M. Rinio, H.-J. Möller and M. Werner, Solid State Phenom. 63-4, (1998) 115-122.  
[135] K. Lauer, Untersuchungen zur Ladungsträgerlebensdauer, Dissertation: TU Ilmenau, 
2010.  
[136] J. E. Smith Jr., M. H. Brodsky, B. L. Crowder, M. I. Nathan and A. Pinchuk, Phys. Rev. 
Lett. 26, (1971) 642.  
[137] W. Martienssen and H. Warlimont, Springer Handbook of Condensed Matter and 
Materials, Springer Verlag, 2005.  
[138] D. E. Aspens and A. A. Studna, Phys. Rev. B 27, (1983) 985-1009.  
[139] I. J. Pankove, Optical Processes in Semiconductors, Dover Books on Physics, 1975.  
[140] G. L. Olson and J. A. Roth, Mater. Sci. Rep. 3, (1988) 1-78.  
[141] N. G. Rudawski, K. S. Jones, S. Morarka, M. E. Law and E. R. G., J. Appl. Phys. 105, 
(2009).  
[142] U. Fano, Phys. Rev. 124, (1961) 1866-1878.  
[143] R. Beserman and T. Bernstein, J. Appl. Phys. 48, (1977) 1548-1550.  
[144] M. P. Smith, K. A. Seffen, R. A. McMahon, M. Voelskow and W. Skorupa, J. Appl. 





[145] G. Gottstein, Physikalische Grundlagen der Materialkunde, Springer Verlag, 1998.  
[146] M. Rahman and S. Khan, J. Renewable Sustainable Energy 1 (1), (2012) 1-11.  
[147] A. G. Aberle, Sol. Energy Mater. Sol. Cells 65, (2001) 239-248.  
[148] Y. Y. Chen, J. Y. Chen, R. J. Hsu, W. S. Ho, C. W. Liu, W. F. Tsai and C. F. Ai, J. 
Electrochem. Soc. 158, (2011) H912-H914.  
[149] W. C. Sun, J. H. Lin, W. L. Chang, T. H. Huang, C. W. Wang, J. D. Lin, C. S. Kou, J. 
Y. Lin, S. W. Chen, H. J. C. and J. Y. Gan, Patent US 20090101202 A1, 2009.  
[150] L. F. Bregolin, K. Krockert, S. Prucnal, L. Vines, R. Hübner, B. G. Svensson, K. 
Wiesenhütter, M. H. J. and W. Skorupa, J. Appl. Phys. 115, (2014) 064505.  
[151] R. Ruede, H. Troxler, B. C. and M. Jungen, Chem. Phys. Lett. 203, (1993) 477-481.  
[152] D. Shiner, J. M. Gilligan, C. B. M. and W. Lichten, Phys. Rev. A 47, (1993) 4042-4045. 
[153] J. D. Struthers, J. Appl. Phys. 27, (1956) 1560 .  
[154] C. B. Collins and R. O. Carlson, Phys. Rev. 108, (1957) 1409.  
[155] H. H. Woodbury and G. W. Ludwig, ibid. 117, (1960) 102.  
[156] W. H. Sheperd and J. A. Turner, J. Phys. Chem. Solids 23, (1962) 1967.  
[157] R. Kavande, L. J. Geerligs, G. Coletti, L. Arnberg, M. Di Sabatino, E. J. Overlid and C. 
C. Swanson, J. Appl. Phys. 104, (2008) 064905.  
[158] A. A. Istratov, H. Hieslmair and E. R. Weber, Appl. Phys. A 69, (1999) 13.  
[159] K. Graff, Metal impurities in silicon-device fabrication, Springer-Verlag, 1995.  
[160] K. Graff and H. Pieper, J. Electrochem. Soc. 128, (1981) 669.  
[161] M. Yoshihito, K. Umezawa, Y. Hayashi and K. Miyake, Thin Solid Films 381, (2001) 
219-224.  
[162] O. Nast, The aluminium-induced layer exchange forming polycrystalline silicon on glass 







II  Publications 
F. L. Bregolin, K. Krockert, S. Prucnal, L. Vines, R. Hübner, B. G. Svensson, K. Wiesen-hütter, 
H.-J. Möller and W. Skorupa; Hydrogen engineering via plasma immersion ion implantation 
and flash lamp annealing in silicon-based solar cell substrates; J. Appl. Phys. 115, (2014) 
064505. 
S. Prucnal, B. Abendroth, K. Krockert, K. König, D. Henke et al.; Millisecond annealing for 
advanced doping of dirty-silicon solar cells; J. Appl. Phys. 111, (2012) 123104. 
S.Prucnal, T. Shumann, W. Skorupa, B. Abendroth, K. Krockert, H.J. Möller; Solar cell 






III  Symbols index 
α  Absorption coefficient 
Γ  Ion dose 
δ  Aberration 
η  Efficiency 
  Wavelength 
µp  Hole mobility 
µn  Electron mobility 
  Specific resistance 
τ  Lifetime of recombination 
τA  Lifetime of Auger-recombination 
τB  Lifetime of bulk recombination 
τrad  Lifetime of radiative recombination 
τSHR  Lifetime of Shockley-Hall-Read recombination 
υ  Angle between incident ion beam and detector 
Φ  Photon flux 
Φeff  Effective photon flux 
 
c  Speed of light 
d  Thickness/depth 
Dn  Diffusion constant 
e  Elementary charge 
E  Energy 
E0  Initial energy 
E1  Energy of scattered ions 
EA  Acceptor activation energy 
EC  Energy of conductive band 
ED  Donor activation energy 
EV  Energy of valence band 
EQE  External quantum efficiency 
FF  Fill factor 
k  Boltzmann constant 
km2  Kinematic factor 
LD  Minority charge carrier diffusion length 
M  Mass 





n  Refractive index 
nA  Doping of p-type substrate 
I  Current 
Id  Current in darkness 
Idiff  Diffusion current  
Ig/r  Recombination- / generation current  
Imp  Current at MPP 
Iph  Current with light 
Isc  Short circuit current 
IS  Saturation current  
IQE  Internal quantum efficiency 
n  refractive index 
P  Power  
Pin  Incident power  
R  Reflection constant 
Rp  Average projected range 
Rs  Series resistance 
Rsh  Shunt resistance 
Se  Electronic stopping 
Sn  Nuclear stopping 
SR  recombination velocity 
SR  Sheet resistance 
T  Temperature 
t  Time 
V  Voltage 
Vdiff  Potential barrier 
Vmp  Voltage at MPP 
Voc  Open circuit voltage 
w  Expanse of space charge region 
Ag  Silver 
Al  Aluminium 
B  Boron 
B2H6  Diborane 
Cl2  Chlorine 
H2  Hydrogen 
HCl  Hydrogen chloride 
He  Helium 
HF  Hydrogen fluoride 





H2O2  Hydrogen peroxide 
H2SO4  Sulphuric acid 
InGaAs Indium gallium arsenide 
N2  Nitrogen 
NH4OH Ammonium hydroxide 
P  Phosphorous 
PH3  Phosphine 
POCl3  Phosphoroxychlorid 
Si  Silicon 
SiC  Silicon carbide 
SixNy  Silicon nitride 





IV  Acronyms 
HZDR  Helmholtz-Zentrum Dresden-Rossendorf 
IEP  Institute of Experimental Physics 
ITP  Institute of Theoretical Physics 
TU BAF  Technische Universität Bergakademie Freiberg 
 
4-PPM  Four Point Probe Measurement  
a  amorphous 
AES  Auger Electron Spectroscopy  
AM  Air Mass 
ARL  Anti-Reflection Layer 
BSG  Boron Silicate Glass 
BSF  Back Surface Field 
ERDA  Elastic Recoil Detection Analyses  
FA  Furnace Anneling 
FLA  Flash Lamp Annealing 
IBI  Ion Beam Implantation 
LBIC  Light Beam Induced Current  
LTB  Low Thermal Budget 
mc  Multi-crystalline 
PECVD Plasma Enhanced Chemical Vapor Deposition 
PIII  Plasma Immersion Ion Implantation 
PL  Photoluminescence Spectroscopy  
PSG  Phosphorous Silicate Glass 
PV  Photovoltaics 
QSSPC Quasi-Steady-State Photo-conductance  
RBS  Rutherford Backscattering Spectroscopy  
RF  Radio Frequency 
RS  Raman Spectroscopy  
RT  Room Temperature 
RTA  Rapid Thermal Annealing 
Sc  Single-crystalline 
SIMS  Secondary Ion Mass Spectrometry  
SoG  Solar Grade 
SPV  Surface Photo-Voltage 
SQ  Shockley-Queisser 
SRH  Shockley-Read-Hall 
TEM  Transmission Electron Microscopy  
